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Abstract 
 

The original focus of the thesis looked at the barriers to effective energy management within the 
context of UK NHS Hospitals. As the research progressed, the overdesign of hospital building service 
systems emerged as a potential barrier that was considered in more detail, ultimately becoming a key 
focus of the research. The research revealed multiple barriers to energy efficiency; some direct, such 
as financial constraints, organisational limitations and poor data, and some indirect barriers, such as 
those leading to building services overdesign. 
Oversizing of building service systems, such as heating cooling and ventilation systems has a direct 
impact on building energy performance and operational efficiency as oversized systems are incapable 
of working at their optimal efficiency point. The resultant excessive consumption affects Government’s 
commitment of a ‘net zero’ Carbon position by 2040. Oversizing also leads to increased capital and 
ongoing maintenance and repair costs and redirects funds from patient care. 
This thesis addresses several research gaps on multiple levels. Whilst literature relating to energy 
management and its barriers is well documented in regard to private sector organisations, this is not 
the case for NHS hospitals. Literature relating to building services oversizing is also very limited, as is 
literature on design margins and oversizing within the healthcare context. The tensions between the 
need for resilience in hospitals and energy efficiency is also not identified in the literature. 
This thesis therefore aims to answer a number of research questions – what are the barriers to energy 
efficiency in hospitals? What is the evidence of oversizing? What are the causes of building services 
overdesign? And, how can oversizing in building services be mitigated? 
A multifaceted mixed methods approach has been adopted for the research of this thesis, whereby, a 
combination of detailed hospital case studies, supplementary interviews, research verification 
workshops, system modelling and elements of action research have been undertaken. The thesis is 
built on three in-depth case studies relating to general hospital energy management, boiler and chiller 
upgrades. 
The research has identified a number of key findings. A significant factor to the oversizing issue is the 
excessive and uncoordinated design margins, that are applied during the various specification, design 
and installation stages of building service projects for a variety of reasons. The thesis categorises and 
describes the various types of margins that are applied during a building services design and the 
potential rational for their inclusion. It argues that care must be taken when applying margins; ensuring 
cumulative effects do not undermine the ability of systems to be energy efficient.  
Other contributing factors to the oversizing issue include a lack of communication and transparency 
across the various project stakeholder groups, whereby design choices and assumptions made during 
an early phase of a project design are not then necessarily passed on to stakeholders during later 
project phases. Specific project stakeholder requirements and relationships are explored and analysed 
in detail to determine the various influences upon the design options chosen and the decision-making 
process that led to the over-dimensioned plant and equipment. 
A major cause of inappropriate sizing is the lack of requirements information such as energy demand 
profiles and the use of vague and unreliable data for initial project requirements. The impact of these 
factors on system performance and cost, and how these can impede on a hospital building's ability to 
meet energy efficiency and carbon reduction targets are analysed and discussed in detail.  
The thesis emphasises the need to develop robust processes that capture the scope and rationale for 
the margins applied, to communicate project assumptions and stakeholder requirements in a clear and 
unambiguous format and to develop systems for improved data capture and analysis. The 
development of flexible and alternative design solutions that apply diversity principles, such as 
different backup systems to provide resilience rather than the traditional ‘like-for-like’ redundancy 
solutions, are also explored and discussed in detail.  
The thesis highlights a clear lack of systemic thinking during the specification, design and installation 
phases of building service systems whereby better processes, procedures and communications are 
necessary throughout the entire design process. 
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Chapter 1  
Introduction 

 
1.1 The PhD context 

The UK has committed to reduce its greenhouse-gas emissions to net zero by 2050. As an interim 

measure, the UK government has mandated that in 13 years, by 2035, emissions must be cut by 78% 

of 1990 levels. These are tough goals for all and in particular for the NHS, which represents 3-5% of 

UK carbon emissions. This thesis focuses on strategic energy management in the NHS estate, covering 

a floor area of 24 million cubic metres for all buildings, including hospitals and other clinical facilities 

across the UK (Tennison et al., 2021). Most of these buildings have their own energy systems, and 

until these systems work efficiently the NHS will not be able to meet its target. Building service 

systems in NHS hospitals are vital to maintain safe and comfortable environments for patients, 

medics and the general public. Heating, cooling, ventilation, lighting and power infrastructure within 

hospital buildings are seen as critical. They also support medical interventions by diluting airborne 

pathogens via critical ventilation systems and provide the power infrastructure for medical devices, 

ranging from large CT scanners to small intravenous infusion pumps. 

 

The PhD study initially set out to look at strategic energy management; specifically, the barriers to 

successful energy management within a hospital setting. As the research progressed, the issue of 

building services overdesign became an apparent issue of concern, potentially impacting on the 

energy performance of systems. This thesis will argue many building service systems are severely 

overdesigned compared to typical and even peak use, using oversized heating systems or cooling 

systems, which makes them inefficient, even though modern ones are far more efficient than the old 

coal burning systems they have replaced. To analyse this overdesign the thesis draws on the theory 

of design margins (Eckert et al., 2019), which has recently emerged in engineering design.   

 

The initial hospital case study revealed significant barriers to effective energy management, many of 

which were also apparent within the second hospital case study findings. The second and third 

hospital case studies also revealed the issue of, and factors leading to the oversizing of many building 

service systems. These issues were studied by analysing barriers to energy management, and the 

impact of design margins within the specification, design and installation phases of new building 

service systems. This research is supported by calculations of the energy requirements and the 

energy capacity of several systems. The thesis ends in practical advice on how to mitigate building 

services overdesign. 
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1.1.1 Overview of building services 

Indoor comfort is an important factor for the health, wellbeing, morality, work efficiency and 

contentment of building inhabitants, hence, during the past decade a key challenge has been to 

improve space environmental conditions for inhabitants, whilst at the same time, reducing energy 

consumption and carbon dioxide emissions (Shaikh et al., 2013a). Building services therefore provide 

a vital role within our built environment in order to meet the needs of the people who live and work 

in them. A fitting statement taken from the Chartered Institute of Building Service Engineers (CIBSE) 

website suitably puts into perspective the value and importance of building services, and the 

engineers that design and maintain these systems: 

 

“Imagine yourself in the most fabulous building in the world. Now take away the lighting, 

heating and ventilation, the lifts and escalators, acoustics, plumbing, power supply and 

energy management systems, the security and safety systems. You are left in a cold, dark 

uninhabitable shell. Building Services engineers really do “bring buildings to life…. 

Imagine the air filtration systems you'd need in a clean computer manufacturing facility. 

The heating controls in a special care baby unit?  The airflow systems needed to 

control bacteria and humidity in an operating theatre?  What about security systems at 

an airport or in the Headquarters of MI5?  Coping with a power cut in the dealing 

room of a City banker? This is everyday work for a building services engineer.” - 

CIBSE.ORG.1 

 

Some building service systems have low energy requirements such as fire detection and alarm 

systems, information and communications technology, security systems and building management 

system (BMS) controls. Others such as heating, ventilation and air conditioning (HVAC) systems are 

very energy intensive, consuming between 30 to 40% of the total building energy consumption within 

non-domestic buildings such as hospitals, offices, hotels and retail; this increases to 80% when 

including domestic hot water (DHW) generation (Pérez-Lombard et al., 2008). In large commercial 

buildings such as hospitals, offices and higher education establishments, HVAC systems always 

represent the largest primary energy end-use (Grondzik, 2007). The energy performance of buildings 

is influenced by factors such as ambient weather conditions, the building structure and envelope 

characteristics, the operation and control of building service systems, occupancy levels and occupant 

behaviour (Zhao and Magoulès, 2012). 

 

 
1 CIBSE, Bringing Buildings to Life – Available online at: https://www.cibse.org/building-services/what-s-so-special-about-
building-services-engineer/building-services-engineers-bring-buildings-to-lif (Accessed on 10/07/21) 
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When reflecting upon the question; what is the building services engineering industry? Professor 

Andrew Geens, Head of CIBSE Certification during an interview with 2EA in 2015 commented: 

  
“It is the largely invisible element of the Construction Industry. It is involved in the design, 

manufacture and installation of all of the engineering systems that make the building 

comfortable, safe and pleasant to be in, and also the systems that use energy. These 

include heating, lighting, ventilation, air conditioning, hot and cold running water, lifts 

etc. Their work is integrated into the building so well that most people don’t seem to 

realise that there is anything there, hence the invisibility.” - 2EA News Article2 

 

The Chartered Institution of Building Service Engineers (CIBSE) received its royal charter in 1976 and 

is considered the authority on building service engineering. The institute publishes guidance 

documents, technical memoranda and codes of practice that are internationally recognised, setting 

the standard for best practice within the building services profession. 

 

According to the Building Services Research and Information Association Blue Book (BSRIA, 2008), 

the building services industry employed in excess of 613,000 people that design, install and maintain 

£29 billion of leading-edge services, adding value each year to £4,650 billion of assets via a workforce 

of 61,700 companies and 161,120 self-employed individuals dealing with all aspects of building 

services. More recent publications by BSRIA do not provide a number specifically for the ‘building 

services’ element of the construction industry. 

 

1.1.2 Procuring and managing building services 

The way building services can be procured is severely restricted. Different procurement options exist 

within NHS Hospitals for the supply, installation and maintenance of building service systems, and 

energy infrastructure. The choice of procurement strategy adopted by a hospital organisation for any 

given project is based on many factors, such as: the type of funding model adopted, the size and 

scope of equipment to be installed, the level of investment required, the availability of suitable 

equipment suppliers and installation contractors, and ‘whether or not’ the ongoing management of 

equipment is going to be undertaken internally, or commissioned out to an external agent, are all 

factors to consider. Trusts are not allowed to borrow on the free market. This leaves them with two 

options:  

 

 
2 Interview with Prof. Andrew Geens. Available online at: https://www.2ea.co.uk/The-Building-Services-Industry-and-its-
Future:-An-Interview-with-Andrew-Geens.html (Accessed on 10/07/21) 
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• NHS Capital finance derived from general taxation and national insurance contributions, 

which is often not sufficient to cover large building service system upgrades, such as new 

energy centres and large refurbishment projects. 
 

• Private Finance Initiative (PFI), where Energy Performance Contracts are delivered by private 

construction companies and Energy Service Companies (ESCOs). Whilst providing a managed 

solution to replace aged infrastructure and the provision of ongoing maintenance for new 

plant, these schemes are often costly and also have their drawbacks with regard to building 

energy performance, in the longer term; a topic that is discussed and deliberated within 

ensuing thesis chapters. 

 

1.2 Approach taken by the thesis 

The three main bases of understanding for tackling the subject area comes from the literature, three 

detailed hospital case studies and 30 years professional engineering practice within UK hospitals. 

Using a combination of these knowledge sources will provide a greater insight into the barriers to 

effective energy management and the phenomenon of building services overdesign. Barriers leading 

to overdesign and the mitigation strategies that can be adopted to prevent oversizing within the 

specification, design and installation processes, will be examined. This also leads onto strategies that 

can be adopted to improve the performance of oversized systems, already in use. The theoretical 

contribution to knowledge gained from this research is bringing the concept of margins into building 

services. It is also hoped that the practical contribution will aid hospital energy managers, senior 

management and building service design engineers to make more informed decisions about the 

choice and scope of equipment, selected for future use.  

 

1.2.1 Literature observations 

It is evident from the literature that many barriers prevent the uptake of energy efficiency measures 

within hospitals (Schleich and Gruber, 2008 and Gupta 2017). The multiple stakeholders in healthcare 

organisations, described by Reyes-Alcazar (2010), as part of the wider complex system can lead to 

conflicting viewpoints and competition for limited resources. Robinson et al. (2012) survey of the 

decision-making processes, assessed the involvement of different stakeholders and how different 

models and tools impacted on priority setting. The effectiveness of these models and tools will also 

be closely related to bounded rationalities, organisational culture and regulatory drivers. There is 

strong current evidence to suggest that on-going financial difficulties are a severe reality for many 

hospital Trusts, therefore, ensuring investment decisions are fully supported by comprehensive 

business case proposals will be of greater priority for many strategic decision-makers.  
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Whilst new technologies such as light emitting diode (LED) lighting and renewable energy sources 

are helping drive down carbon reduction (NHS Digital, 2020), a hidden source of energy waste and a 

significant barrier to energy efficiency is that of building services overdesign. Overdesign within 

building services is a common consequence of ‘rule of thumb’ decisions during the design process, 

and this should be overcome through well informed calculations and analysis of data (Abhang, 2020; 

Bacon, 2014); the availability of good quality energy data, however, is often lacking in many NHS 

hospitals. Poor data often leads to a lack of identification, management and traceability of 

requirements during the design of building service projects (Chan and Liu, 2007; Yu and Chan, 2010). 

Requirements engineering, both in terms of defining the system scope, and a lack of understanding 

among various project stakeholders leading to poor specifications is a well-recognised problem. 

(Christel and Kang, 1992; Hull et al., 2005).  

 

Vague and unclear specifications lead to the application of cumulative design margins throughout 

the design process to mitigate against risk and uncertainty, very often without any quantifiable 

justification for their inclusion, again adding to the overdesign problem (Eckert and Isaksson, 2017). 

Sun et al. (2014) state the standard design approach for building service systems only look at 

uncertainties during peak demand, claiming that these systems require serious attention, given that 

the current practice of “defensive sizing” often leads to oversized systems, wasted capital finance 

and poor system efficiency. Hospitals are particularly risk averse, because they need to be resilient 

to crisis that increase their energy loads, as in the current Covid crisis.  

 

1.2.2 Hospital case study reviews 

This thesis provides details of three hospital case studies. The first case study at Nottingham 

University Hospitals NHS Trust (NUH), analysed and reflected upon the broader issues of energy 

management. The second case study at the Royal Stoke University Hospital (RSUH) identified the 

significant issue of building services overdesign and related factors such as overspecification and 

overcapacity with regard to a hugely oversized boiler system, running at four times the thermal 

capacity needs of the hospital site. The third and final case study was funded by the Centre for Digital 

Built Britain (CDBB) specifically to look at the problem of building services overdesign. During a 

participatory workshop the central cooling system at the John Radcliffe Hospital (JRH) in Oxfordshire 

was selected as a case-study. A highly acclaimed design that delivered significant energy and cost 

savings compared to the old unreliable system, however left the Estate Managers wondering 

whether the system was far too large.  
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1.2.3 A professional practice perspective 

The study of this thesis continues the author’s professional practice as a Chartered Engineer in the 

field of energy management, operating within his own engineering consultancy practice providing 

specialist services to NHS hospital Trusts. The research reflects on personal concerns as to the validity 

of the building services design process, and the rationale behind decisions made. During his 35 year 

career, the author has witnessed what appeared to be poor investment decisions made at various 

levels within hospital organisations. A lack of technical expertise, reliable data, senior management 

commitment and capital finance seemed to have led to poor management decisions. Anecdotal 

evidence points towards Trust policy and personal bias affecting decisions made by individuals about 

energy management and building services investment. On an organisational scale, this pointed 

towards many hospital Trusts lacking the strategic long-term vision, technical expertise, and decision 

processes to effectively drive their carbon reduction agenda forward. This thesis has therefore been 

set up to look at these concerns systematically. 

 

1.3 Problem statement 

The NHS has very stringent energy targets which it is currently struggling to meet. From a general 

energy management perspective, NHS hospitals do not appear to be managing their energy use 

effectively. Besides the apparent lack of long-term strategic management of energy, other barriers 

to effective energy management in hospitals appear to exist, which warrant further investigation. 

Many building service systems appear to be inefficient and consume more energy than might be 

warranted by their demands, and many building service systems appear not fit for purpose. There 

appears to be little accounting and an apparent lack of explanation for the sizing of hospital building 

service systems. The sizing and hence efficiency of these systems is therefore questionable. The 

frequent outsourcing of energy management services within the NHS to specialist companies carries 

the risk that rationale for energy management decisions is lost. Energy management often seems to 

be driven by short term gains and opportunity and the long-term strategic thinking appears to be 

absent from many hospital organisations. 

 

1.4 Research aims and objectives 

The thesis set out to study concerns associated with energy management practice in hospitals and 

the barriers to successful energy management. As the research evolved and the issue of building 

services overdesign became apparent, a better understanding of the relevant design practices, 

stakeholders and other contributing factors, became an important objective. The thesis also aims to 

propose certain mitigation initiatives to overcome the barriers to energy management, specifically 
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those barriers contributing to the potential overdesign issue. The thesis will focus on better 

requirements setting, the reduced application of excess design margins and improved 

communications and transparency between hospital stakeholder groups and design project teams. 
 

The research objectives are: 

1. To identify the barriers to successful energy management within hospitals. 

2. To establish how hospital demand requirements can better be established, to ensure right 

sizing of critical building service systems. 

3. To gain a detailed empirical understanding of the issues associated with oversizing and how 

these can be modelled and analysed. 

4. To ascertain how the various stakeholder influences impact on the overdesign problem, and 

how these may be overcome. 

5. To challenge current design processes and determine how existing practices can be improved 

to prevent oversizing. 

6. To determine what mitigation factors can be adopted to prevent both the oversizing of new 

building service designs, and existing ‘in use’ systems. 

 

1.5 Research questions 

In order to achieve the aims and objectives detailed in section 1.4, a number of research questions 

must be addressed. These have been based upon observations of the energy management and 

building services provision associated with NHS acute hospitals, and discussions with engineers and 

academics. These observations and discussions are also supported by published literature. It should 

be noted that the phrases ‘overdesign’ and ‘oversizing’ are used conjointly throughout the thesis to 

express the same. Research presented in this thesis addresses the following primary questions: 

 
1.5.1 Primary research questions 

 
1. What are the barriers to energy efficiency in hospitals? 

 
2. What is the evidence of oversizing in building services? 

 
3. What are the causes of building services overdesign? 

 
4. How can oversizing in building services be mitigated? 

 
 
Whilst the research was initially set up to answer Question 1, due to the inductive, iterative and 

exploratory nature of the research, three subsequent research questions arose during the second 

case study after discovering the oversizing issue and the negative impact this phenomenon might 
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have on energy efficiency. As a result, a number of simple hypothesises were formulated and tested 

part way through the research process. 

 

1.6 Overview and structure of the thesis 

In light of the key research questions outlined above, the thesis proceeds as follows: 

 

Chapter 2 presents a literature review on the many influences upon building services overdesign 

which include: hospital stakeholders, management and decision support, barriers to energy 

management, building services procurement and design, uncertainties and risk, design margins and 

resilience. 

 

Chapter 3 provides an overview of the NHS describing it as a complex system. The chapter presents 

the energy consumed in NHS hospitals and the measures that have been taken to improve energy 

efficiency. NHS building stock is examined and compared against other building sectors from the 

perspective of energy performance benchmarking. Hospital energy consumption, by end use is 

presented, and NHS decision processes relative to energy management are discussed and analysed.  

 

Chapter 4 describes the methodological approach of the thesis. It discusses the various methods 

applied and the overall approach to the research. The chapter provides details of the three case 

studies carried out, and a supplementary interview with a building services design consultant. Two 

distinct evaluation events took place: two research workshops and a practical study of a hospital 

ventilation system. 

 

Chapter 5 describes the outcomes of the three hospital case studies. The chapter provides 

background details of each case study site and discusses in detail the research undertaken and the 

resultant findings using various models, diagrams, tables, and interview quotations, to draw out key 

points and contributions. The research findings are summarised at the end of each case study, and a 

comparison of all three case study findings are then discussed. 

 

Chapter 6 looks beyond the case studies, at the issues and costs of oversizing. Further examples of 

the oversizing problem across various building service systems are illustrated. The chapter also 

discusses margins within the building service guidelines, the use of ‘rule of thumb’ assumptions and 

poor communications between project stakeholders, and how these all contribute to the oversizing 

problem. The practical considerations and rationale applied during building services design, from the 

viewpoint of an experienced design consultant is presented and analysed; this provides useful 
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insights as to the complexities involved. NHS related factors contributing to the overdesign issue are 

also discussed. 

 

Chapter 7 discusses the ‘general’ barriers to energy efficiency as well as the ‘project related’ barriers 

that impact on the planning and design, construction and operational phases of a hospital building 

services project. The chapter discusses insufficient communication between project stakeholders as 

a major barrier, leading to the excessive and uncoordinated application of margins. Barriers and their 

interrelationships are also discussed.     

 

Chapter 8 discusses various NHS related issues impacting on overdesign, these include topics such 

as: a lack of leadership, procurement and finance impacts, and the need for resilience and better 

requirements management. The chapter also discusses the need for better margin management. A 

range of potential mitigation strategies against overdesign are discussed, these are presented within 

the summarising categories: information, design, processes and people. 

 

Chapter 9 provides a response to the four primary research questions and an evaluation of the thesis 

findings. The chapter also presents the contributions to knowledge and discusses opportunities for 

further research; a conclusion to the thesis, is also provided. The structure of the thesis is shown 

graphically in Figure 1-1. 

 

 
Figure 1-1. Overview of Thesis Structure 
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Chapter 2  
Literature Review 

 

Energy management and oversizing needs to be understood in the context of the strategic energy 

management in NHS hospital Trusts and its complexities. This chapter draws on general literature 

and the international review literature specific to hospitals. Chapter 3 then provides specific 

contextual background of the NHS. 

 

Multiple stakeholders bring different priorities, potentially leading to conflicting needs. Therefore, it 

is necessary to understand different management styles and decision-making processes. This chapter 

provides a background on both energy management and oversizing. Hospitals are an exceptionally 

complex type of building, but many of the general issues concerning buildings also apply here. In 

particular, the different procurement models that affect the overdesign of hospital building services. 

Addressing overdesign has two sides: the way in which ‘new’ systems are procured, specified, and 

designed and the retrospective improvement of ‘existing’ oversized systems, through identification 

of the various barriers to energy efficiency and the potential use of mitigation techniques to 

overcome ‘in use’ performance and cost burdens, that are typically associated with oversized 

systems. Figure 2-1 provides a hierarchical map that illustrates the logic and structure of the 

literature review. Boxes with red borders signify the main focus and contribution areas of research 

study. 

  

 
Figure 2-1. Structure and logic of the literature review 
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2.1 Management and decision-making 

Decision-making processes have been explored in depth across several fields and sectors (Choo, 

1996; Cresswell et al., 2012; Doukas et al., 2009; Smith et al., 2013; Kahneman, 2003). Research 

ranges from that at individual level, our personal psychology and ability to comprehend and act on 

complex ideas, to organisational decision-making processes. Decision making often involves and 

affects multiple stakeholders. To address the multitude of issues that need to be considered in 

decision making, decision support tools have been developed. This section ends with a discussion of 

decision-making tools for energy management.  

 

2.1.1 Stakeholders 

The traditional definition of a stakeholder is “any group or individual who can affect or is affected by 

the achievement of the organization’s objectives” (Freeman, 1984). Stakeholder theory has since 

evolved, with its initial focus on corporate responsibility towards their stakeholders, such as 

“employees, customers and consumers and stockholders” (Fassin, 2012). Over recent decades 

categories of stakeholders have shifted from solely corporate players to wider societal actors creating 

a reciprocal relationship, whereby organisations have responsibility to their stakeholders and vice 

versa (Fassin, 2012). Gomes and Gomes (2011) point out that multiple theories, briefly outlined in 

Table 2-1, explain the relationship between a given organisation and its environment from slightly 

different perspectives. 

 
Table 2-1. Theoretical Tenets – Gomes and Gomes, 2011 

 
Theory Theoretical support Explanation 

Resource 
Dependence  

What makes a 
stakeholder more 
powerful than others. 

Resource dependence describes how organisations and 
stakeholders interact to exchange resources. 

Institutional 
Theory 

What makes a 
stakeholder more 
powerful than others.  

Institutional theory describes the relationship between 
a given organization and certain agents in its 
environment who have the power to shape the rules, 
regulations, and patterns of behaviour that the 
organization must comply with in order to achieve 
legitimacy. 

Agency Theory Principal-agent 
relationships. 

Agency theory describes the patterns of behaviour 
between public organizations and their stakeholders in 
the principal-agent relationship. 

Social Network 
Theory 

What brings 
stakeholders to the 
public service delivery 
network. 

Social network theory describes how stakeholders and 
organizations engage in relationships in order to 
achieve objectives. 
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2.1.2 Analysis of hospital stakeholders 

Several research papers have investigated stakeholders within healthcare settings using the 

theoretical approaches described above in order to analyse their involvement (Lega, 2012). Hospital 

stakeholders are numerous, with varying degrees of influence and these actors change as healthcare 

arrangements in England are reorganised. For example, powers, budgetary control, and priority 

setting from the old Primary Care Trust (PCT) organisations have been devolved into multiple new 

organisations (Turner et al., 2013) as show in Figure 2-2. 

 
 

 
 

Figure 2-2. Transfer of powers, budgetary control and priority setting from the old Primary Care Trust (PCT) 
organisations – Turner et al. 2013 

 
 
Hospitals, particularly those with Foundation Trust status, are influenced by these multiple 

organisations, responding to the new budgetary control held by Clinical Commissioning Groups 

(CCGs). Turner’s research is particularly concerned with the risk and opportunities presented by the 

new organisations. Hospitals are described as being “major consumer of resources” and that CCGs 

“would be completely out of their depth in negotiations concerning the hundreds of contracts PCTs 

currently held” (Turner et al., 2013). The stakeholders have changed and so has the level of existing 

knowledge in relation to existing hospital services. 

  

By applying methodology from corporate sector analysis, Mason and Simmons (2014) map corporate 

stakeholders, see Table 2-2, to hospital stakeholders who due to their public nature are more strongly 

influenced by outside influences, such as societal and governmental factors, than the private sector 

organisations. 
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Table 2-2. Analysis of hospital stakeholder categories; modified from Mason, C and Simmons, J (2014) 
 

Stakeholder Claims and Agendas 
Corporations Customers Employees Suppliers Government 

Regulators 
and Auditors 

Local and 
National 
Communities 

Societal and 
Environment
al Activists 

Hospitals Patients 
and visitors 
(*External) 

Clinical and 
non-clinical 
staff  
(*Both 
Internal or 
Strategic) 

Suppliers 
(*Both 
Internal or 
External) 

Government 
Regulators 
and Auditors 
(*Clinical or 
Strategic) 

Local and 
National 
Communities 
(*External) 

Societal 
Activists 
(*External) 

*Broad stakeholder categorisations, referred to in Table 2-3. 

 
A much more detailed analysis of different organisational entities was carried out by Reyes-Alcazar 

et al. (2010) on the Andalusian Agency for Healthcare Quality. Table 2-3 summarises their analysis in 

the left-hand column, and maps this to the current healthcare structure for NHS England in the 

middle column. The third column indicates a classification of stakeholders; the categories suggested 

show the main area of influence by any set of stakeholders. Those which look at the whole 

organisation, and its relationship with other healthcare bodies are seen as strategic. Clinical and non-

clinical refer to their stakeholder groups and are largely self-explanatory, for example, the Royal 

College of Physicians will predominantly deliver clinical standards to doctors via their membership. 

Internal stakeholders will have limited influence mostly within the bounds of hospital life. External 

stakeholders will have varying degrees of influence at different times and will include the local 

communities and activists described in Mason and Simmons (2014) work. 

 

Table 2-3. Analysis of hospital stakeholders; modified from Reyes-Alcazar et al. (2010) 
 

Stakeholders of the 
Andalusian Agency for 

Healthcare Quality 

Equivalent Stakeholders in NHS England 
for Healthcare Quality 

Stakeholders 
relevant to hospitals 

Andalusian Agency for 
Healthcare Quality 

Department of Health Strategic – 
Government 

Governing Board & Senior 
Management 

Hospital Trust Board and Senior 
Management 

Strategic – Clinical 
and Non-Clinical 

Staff Staff Internal – Clinical 
and Non-Clinical 

Andalusian Public Health 
System 

Public Health System combining all new 
organisations described in Figure 4. 

Strategic – Including 
External Community 
Groups 

Regional Ministry of Health No NHS England equivalent - 
Andalusian Health Service – 
SAS 

No NHS England equivalent - 

Regional healthcare 
organizations 

No NHS England equivalent - 
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Scientific-Professional groups Scientific-Professional groups Clinical – External 
and Internal  

Scientific Societies Scientific Societies (e.g. BMA) Clinical – External 

Professional associations Professional associations Clinical and Non-
Clinical 

Union organizations Union organisations Internal and External 
National and international 
scientific community 

National and international scientific 
community 

Clinical – External 

Care quality and patient safety 
societies 

Care quality (CQC) and patient safety 
societies (e.g. Healthwatch) 

Clinical – External 

Managers and professionals of 
other health systems 

Managers and professionals of other health 
systems 

Strategic – External 

Communications media Communications media Clinical 
Citizens Citizens External  
Users of social networks Users of social networks External  
Equivalent organizations Equivalent organizations External  
Other quality and/or 
healthcare accreditation 
agencies 

Other quality and/or healthcare 
accreditation agencies 

Clinical and Non-
Clinical 

WHO-OPS WHO-OPS – World Health Organisation External 
Quality and patient safety 
observatories 

Quality and patient safety observatories Clinical 

Research Funders Research Funders Clinical 
Public and private research 
financiers 

Public and private research financiers Clinical  

Auditing bodies Auditing bodies (e.g. DoH and CQC) Strategic 
Tax Agency HMRC External 
National Audit Office Office of National Statistics Strategic 
Ministry of the Treasury HM Treasury Strategic 
Organizations which promote 
quality and accreditation 

Professional bodies across clinical and non-
clinical disciplines 

Clinical and Non-
Clinical 

EFQM, ISQua, ENAC - - 
Suppliers Suppliers Internal and External 
Suppliers of products and 
services 

Suppliers of products and services Internal and External 

Software developers Software developers Internal and External 
 

This assessment is useful; however, it does not show the influence of each set of stakeholders. Reyes-

Alcazar et al. (2010) surveyed stakeholders to describe other stakeholders, and their perceived level 

of influence; and plotted the influence and importance of different stakeholders, as shown in Figure 

2-3. 
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Figure 2-3. Qualitative characterisation of the stakeholders of the Andalusian Agency for Healthcare 

Quality - Reyes-Alcazar et al. (2010) 
 
 
2.1.3 Decision-making 

Both individual and collective decision making are important for energy efficiency across healthcare 

services. Decision-making itself is only a part of how an organisation analyses, creates and utilises 

information and thereby, makes final decisions. The influence of sense-making, how organisations 

view future scenarios in comparison with past events at strategic to individual level, is also a strong 

concept (Choo, 1996). Decision making in a hospital context is extremely complex and the personal 

experiences and membership of organisational groups and committees affect decision-making 

processes. Principles of ‘bounded rationality’, i.e. the ability to understand and take into account the 

full complexities of problems, have a huge effect on decision making, as participants use ‘rules of 

thumb’ as proxy for issues that are too complex to fully understand (Gigerenzer and Selten, 2002). 

Simon (1956) points out that “even though in theory it might be possible to make a perfect decision, 

a rational decision, by means of very complex calculations taking lots of time and effort, real-world 

decisions are made using fast and frugal heuristics, ‘rules of thumb’, that would satisfice (meet some 

less than perfect criterion) rather than maximize utility over the long run”. 
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The principles of bounded rationality were investigated by Kahneman in depth with colleagues across 

several fields. He shows how “every decision we make is a battle in our mind between intuition and 

logic”3. He refers to two systems; “reasoning is done deliberately and without effort, but intuitive 

thoughts seem to come spontaneously to mind, without conscious search or computation, and 

without effort” (Kahneman, 2003). Most decisions made by individuals are made intuitively and this 

causes problems when applied to decision making for large, complex challenges, forward planning, 

or risk-taking activities (Tversky and Kahneman, 1981). Intuitive, systematic mistakes are known as 

cognitive biases, and since Kahneman first began investigating these general decision making biases 

more than 150 cognitive biases have been identified; for example, “people have a tendency to 

overweigh evidence that supports a point of view they already have” (Lockton, 2012). To avoid these 

biases, we need to need to take active steps to reshape the environment around us by designing our 

institutions, our regulations and our own personal environments and working lives (Chen, 2006)4. 

 

2.1.4 Energy management decision making tools 

Support for decision-makers has been researched across many different fields and numerous tools 

are available, with many being specific to the decision criteria required, such as energy management 

(Løken, 2007). Many tools were originally designed for situations that can be described through a 

finite number of quantifying parameters, such as real options analysis (Mun, 2012). A review of 

general decision-making tools is beyond the scope of this thesis. Others provide mapping or analysis 

tools for particular situations, for example the use of stakeholder maps and value chain analysis. 

However the transfer to the public sector can be challenging as “nature of public sector organisations 

is made more complex by the multiplicity of stakeholders to be satisfied” (Williams and Lewis, 2008). 

 

Energy management, like other fields, requires “the use of tools and methodologies that support the 

decision-making process, for the selection of strategic energy efficiency proposals, aiming to minimize 

operational energy costs in a typical building and protect the environment” (Doukas et al., 2009). 

However, while many systems were developed to enable better management of energy within 

buildings, these also, were limited by different factors, such as the technology monitored or specific 

building type. Doukas et al. (2009) proposed adding additional modelling layers to review possible 

retrofit of energy reducing technical solutions. External data, for example cost savings of particular 

technology, would be based upon best practice achieved in existing building within the area of 

research. However, Bacon (2014) argues that “reliance on formulaic principles” will often lead to poor 

 
3 Horizon - How You Really Make Decisions, BBC. Available online at: http://www.bbc.co.uk/programmes/b03wyr3c 
(Accessed on 04/03/14) 
4 Ibid 
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engineering decisions, over-engineered systems and therefore a heavier than necessary energy load. 

Again, the necessity for robust data is positioned against bounded rationalities and heuristic thinking.  

 

Several energy management decision tools exist based on weighted averages, priority setting, 

outranking, fuzzy principles and their combinations (Pohekar and Ramachandran, 2004). The use of 

multi-criteria decision analysis (MCDA) in energy management has been reviewed by Løken (2007), 

who points out that decision makers need to understand how these analytical models assign values 

to differing criteria, to acknowledged and accepted results.  

 

Data driven tools are also useful in understanding energy consumption and building cases for 

investment in energy reduction. Regression analysis uses historic data and statistics to understand 

correlations between three or more variables. In hotels, variables include the number of guests and 

outside air temperature as having a key effect on energy consumption (Shiming and Burnett, 2002),  

whether or not the use of regression analysis provides a better insight of what factors influence 

energy use in hospitals, is unknown. 

 

The NHS has begun to use new ‘clinical-based’ energy performance metrics in hospitals, which report 

on actual energy performance or predict ‘energy saving potential’. These use already collated non-

personal clinical data (e.g. the number of occupied patient beds or the quantity of surgical operations 

undertaken) in conjunction with energy consumption data. They may provide more effective energy 

reporting and key performance indicators (KPI’s) compared to the traditional, building-centric energy 

reporting metrics, currently in use across the NHS. Clinical-based energy metrics are likely to achieve 

a heightened level of engagement from clinicians and senior decision-makers, as they relate to 

hospitals’ core business activity. 

 
 
2.2 Energy management and efficiency 

A key aim of effective energy management is to promote better energy efficiency. One definition of 

energy efficiency is “the production of the same amount of useful work (output or service) by use of 

comparatively less energy” (Patterson, 1996); hence effective energy management can be seen as 

the adoption of a combination of effective measures that tend to reduce the use of energy. Another 

definition for energy efficiency that has been used by various authors is the ratio of the maximum 

quantity of energy services obtainable, to the quantity of final energy consumed (Greening et al., 

2000; Herring, 2006; Oikonomou et al., 2009; Gupta et al., 2017). Whilst efficiency may be considered 

as useful work done, any absence of efficiency can be interpreted as ‘wastage’ into other energy 
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forms, that are not required for the intended process (Giacone & Mancò, 2012). 

 

Thumann (1998) states “Energy management is the judicious and effective use of energy to maximise 

profits and to enhance competitive positions through organisational measures and optimisation of 

energy efficiency in the process”. ‘Energy Efficient Building Systems’ by Jayamaha (2006) describes 

energy management as “a procedure for containing and reducing the overall energy consumption 

and energy costs of an organization”.  Jayamaha (2006) also argues that “for an energy management 

program to be successful, it needs the commitment and support of the organization’s management, 

and should be in synergy with the organization’s objectives”.  

 

Energy management is multidisciplinary in nature, and it combines the skills of engineering, 

management and housekeeping (Murphy and McKay, 1982). The extent to which energy can be 

utilised in a useful manner is governed by systems and processes it is exposed to, thus leading to the 

study of systems and processes for the purpose of energy efficiency (Hu & Wang, 2006). General day-

to-day energy management encompasses various activities, such as: energy conservation auditing, 

energy forecasting, monitoring and targeting, invoice validation and periodic reporting. Strategic 

energy management, as the term implies, centres on organisational policy, governance, investment, 

planning and the high-level decision processes. Kannan and Boie (2003) claim that “energy 

management is desirable for financial, social and environmental reasons”, and so is considered to be 

an important function of any organisation. 

 

Drivers for careful energy management can range from economic to moral factors (Capehart et al., 

2020). These differ somewhat between the public and private sectors, mirroring how decision-

making tools can be transferred, or not, according to differing parameters (Williams and Lewis, 2008). 

Private interests and drivers were highlighted in a 2007 study of FTSE 100 companies and showed a 

strong favour shown towards ideas of ‘Corporate Social Responsibility’ coupled with a good business 

strategy, motivated by profit, credibility and leverage in climate policy development, fiduciary 

obligation and ethical considerations, and driven by increasing energy prices, technological change 

and government regulation (Okereke, 2007). 

 

2.2.1 Energy management in different building types 

Numerous models of energy management practice exist across differing organisational structures 

and building stock; these models are often a combination of both, technical and strategic elements. 

Technical solutions, such as Building Energy Management Systems (BEMS) are well adopted; 

however, they require active evaluation and regular optimisation to ensure effectiveness (Doukas et 
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al., 2009). The weather substantially influences the building energy load, particularly with regard to 

heating, cooling and ventilation. For larger, more complex estates, integrated energy systems (IES) 

combine on-site power generation technologies with technologies for heating and cooling (Mařík et 

al. 2008). In addition, the use of the building by people also influences building energy consumption. 

Behaviour strongly correlates to cultural norms and research suggests that demand management 

should evolve to demand-side participation (Owens and Driffill, 2008). 

 

Research in residential buildings has demonstrated that feedback on energy consumption is 

necessary for energy savings, however, people need help in interpreting feedback and in deciding 

what courses of action to take (Darby, 2006). Savings have been shown in the region of 5-15% for 

direct feedback from mechanisms such as energy meters and 0-10% indirect feedback, such as energy 

bill are achievable (Darby 2006); feedback provided by energy audits is also beneficial. To improve 

the benefits of feedback, appropriate advice and information needs to be provided. 

 

Smart Technology is increasingly applied to the built environment. In hospitals, there is great 

potential to incorporate such data analysis and interactive environmental adjustments for a range of 

healthcare building improvement outcomes that includes energy reduction (Lamb and Godbole, 

2019). This may also extend to the devolution of energy budgets to clinical departments or decision-

makers, facilitated through the use of smart metering technologies. 

 

2.2.2 Barriers to successful energy management 

A barrier can be defined as “anything that prevents or obstructs or hinders the progress, movement 

or development of something” (Gupta et al., 2017). Schleich and Gruber (2008) classify barriers 

shown in Table 2-4, whereby a brief explanation of the five categories has been provided. Similar 

barrier groups have also been classified by Sorrell et al. (2004) who presented the following main 

barrier categories: imperfect information, hidden costs, risk, access to capital, split incentives and 

bounded rationality. 

 

Table 2-4 Classification of Barriers - Schleich and Gruber (2008) 

Category Explanation 

Information and other 

transaction costs  

The costs of gathering, assessing and applying information about 
energy savings potentials and measures. Also the costs associated with 
finding and negotiating contracts with potential suppliers, consultants 
or installers, or the costs of reaching, monitoring and enforcing 
contracts. 

Bounded rationality   When faced with a complex decision structure, agents may not be able 
to optimise because of lack of time, attention, or the ability to 
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Gupta et al. (2017) ranked the barriers to energy efficiency using best-worst multi-criteria decision-

making analysis into: 

• Economic or financial barriers 
• Governmental barriers 
• Technological barriers 
• Knowledge and learning barriers 
• Organisational and social barriers 
• Market related barriers 

 
As expected, economic or financial barriers strongly correlate to capital constraints in the Schleich 

and Gruber (2008) framework. Other correlations also exists between the two papers;  organisational 

and social barriers to bounded rationality, governmental barriers to the investor/user dilemma, and 

technical and market barriers relate to information and transaction costs, thus placing an emphasis 

on external factors, rather than internal choices. 

 

The Schleich and Gruber (2008) and Gupta et al. (2017) barrier frameworks provide an important 

structure to the analysis of the research of this thesis, which is discussed in detail within Chapters 5 

and 7. The case study research of Chapter 5 specifically reports barriers observed against the Schleich 

and Gruber classification of categorises, whereas the barriers to successful energy management – 

Chapter 7, combines the barrier classifications of both papers to present the output and analysis of 

two research workshops. 

 

Governments are often seen as responsible for addressing environmental problems, yet people have 

little faith that they will (Owens and Driffill,2008). Regulatory devices can change energy efficiency 

behaviours, however government messages can often be seen as inconsistent in many areas “whilst 

low fuel prices are emphasised, people are urged to change their behaviour”; subsidies continue to 

be provided to exploration of new oil and gas fields, yet solar feed-in-tariffs are being incrementally 

reduced and fracking is prioritised over wind (Owens and Driffill, 2008). 

 

adequately process information. Instead, bounded rationality may 
result in using routines or ‘rules of thumb’. 

Capital constraints  Restricted access to capital markets is considered to be an important 
barrier to investing in energy efficiency. 

Uncertainty and risk  The uncertainty associated with the returns from investments may be 
prohibitive to the uptake of energy efficiency measures. 

Investor/user dilemma  Neither the landlord, nor the company (tenant) may have an incentive 
to invest in energy efficiency. The landlord will not invest in energy 
efficiency if the investment costs cannot be passed on to the tenant. 
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Individual behaviour has a significant impact on the successful implementation of energy reduction 

measures. Even when energy efficiency design does occur, this can conversely lead users to 

undertake behaviours that lead to higher energy consumption, as energy efficient equipment means 

that many users believe it is acceptable to leave these on or in standby mode (Koomey et al., 1996). 

Instruction and users learning controls is necessary to achieve the predicted energy reductions (de 

Groot et al., 2008). 

 

The uptake of energy efficiency measures in organisations can often be suppressed by the concept 

of bounded rationality, where rationality, is said to be bounded by internal constraints. When making 

decisions about investment priorities, organisations are likely to focus on the core production process 

rather than on ways to save energy costs (Schleich and Gruber, 2008). For example, where energy-

efficient technologies are being considered within a hospital setting, the same profitability or 

payback criteria used for clinical investment decisions may be applied, even though the economic 

risks associated with the former are much higher. 

 

Transaction costs also hinder the development of successful energy management, these include the 

costs of gathering and assessing information about energy savings potentials and measures, they also 

include costs associated with consultants or installers and the monitoring and enforcement of 

contacts (Coase, 1991). If the transaction costs for a particular energy efficiency measure are high, 

the investment may not be profitable. 

 

Restricted access to capital is often considered to be an important barrier to investing in energy 

efficiency, however even if organisations have easy access to capital at relatively low prices, the 

uncertainty associated with the returns from investments may be prohibitive. For investments in 

energy efficiency, the uncertainty is primarily caused by stochastic future energy prices (Schleich and 

Gruber, 2008). Arguably, the general trend of energy prices is rising and therefore uncertainty should 

be less of a concern (Statham and World Energy Council, 2007). 

 

The investor/user dilemma applies when neither the landlord, nor the organisation (tenant) have an 

incentive to invest in energy efficiency. This scenario can occur between NHS Trusts and private 

finance initiatives (PFIs), dependant on contract terms.  

 

High costs and extended return on investment periods currently associated with the uptake of 

renewable technologies such as photovoltaic panels and solar thermal, are often a barrier to the use 

of such systems. 
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2.3 Buildings and building service systems 

The construction industry significantly contributes to the development of national economies, but at 

the same time consumes a third of the total energy consumption across the Planet (Zimmann et al., 

2016). Energy in the form of electricity, gas and oil is used in buildings for services such as heating, 

cooling, ventilation and lighting, all of which are essential to ensure the safety and comfort of building 

occupants. These building service systems account for between 70% to 80% of the total energy 

consumed within buildings (Jayamaha, 2006). This use of energy results is an important source of 

carbon dioxide emissions (International Energy Agency - IEA 2013), has a severe impact on the natural 

environment and it utilises large quantities of natural resources (Munaro et al., 2020). Figure 2-4  

quoting Shaikh et al. (2014) illustrates that energy consumption within buildings can consume 

between 20% and 50% of the national energy depending on weather and the differences in national 

energy use in other sectors. The global average is 40%. 

 

 
Figure 2-4. Building energy consumption in selected countries – Source: Shaikh et al. 2014. 

 
The United Kingdom recorded 39% in respect to building energy (Omar 2018), similar to 

approximately 40% of European Union (EU) energy consumption. The 2019 Global Status Report for 

Buildings and Construction, quotes the sector accounted for 36% of final energy use and 39% of 

energy and process-related carbon dioxide (CO2) emissions in 2018 (Global Alliance for Buildings and 

Construction - IEA and UNEP, 2019); making buildings the single largest energy consumer in Europe. 

The Chartered Institute of Building Service Engineers (CIBSE) in its 3rd edition of the publication 

‘Energy efficiency in buildings - Guide F’ states that Carbon emissions from the UK’s non-domestic 

buildings that include buildings such as; commercial offices, shops and restaurants, hotels, schools 
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and universities, hospitals, factories and other buildings, are responsible for 18% of the UK’s total 

energy consumption (CIBSE, 2012).  

 

The energy use in buildings and its impact on the planet make it imperative that energy efficiency 

measures both in existing and future building stock are effectively applied (Andrić et al., 2019). The 

Intergovernmental Panel on Climate Change (IPCC, 2014) expects that without mitigation measures, 

building sector-related emissions are likely to drastically increase, in particular as outdoor 

temperature will increase and heat waves will become more frequent and longer lasting increasing 

the demand for building cooling systems and associated energy consumption. The National Oceanic 

and Atmospheric Administration (NOAA) also found that colder seasons are warming at faster rate 

than warmer seasons leading to reduced heating requirement in the future, but increased cooling 

season duration (Blunden and Arndt, 2015). This particularly applies in mid-latitude areas such as the 

UK5, where there are typically four seasons. 

 

According to European commission about 35% of the EU's buildings are over 50 years old and almost 

75% of the building stock is energy inefficient; however only an estimated 1% of the building stock is 

renovated each year6. 75% of buildings within the EU were built prior to 1990, and to reach the EU 

2050 decarbonisation targets, over 97% of the building stock must be renovated (BPIE, 2020). 

Renovation of the existing building stock could potentially decrease the total energy consumption by 

5-6% and reduce CO2 emissions by approximately 5% (Gohardani and Björk, 2012). 

Therefore, it is vital to improve the energy efficiency of both existing, and future building stock 

(Andrić et al., 2019). The construction sector has the ability to influence over 50% of the UK’s carbon 

dioxide emissions (Davies and Oreszczyn, 2012) and whilst newly constructed buildings are more 

energy efficient, 80% of the buildings in existence today will still be in use in 2050. This presents a 

significant challenge and concern as to how existing building stock within the UK will be decarbonised 

to meet the net zero carbon emission targets, by 2050 (UK Green Building Council, 2017). 

The building sector account for the most energy loss waste owing “to the low thermal insulation level 

of the envelopes, high thermal dispersions and minimum exploitation of the climatic resources” 

(Bilgen, 2014). The main consumer of energy within buildings are the various components of building 

service systems, primarily the heating and cooling systems, which form part of the heating, 

 
5 Climate change rule of thumb – Available online: https://www.climate.gov/news-features/blogs/beyond-data/climate-
change-rule-thumb-cold-things-warming-faster-warm-things (Accessed online 1/7/2021) 
6 European Commission 2019 – Available online: https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-
buildings/energy-performance-buildings-directive_en (Accessed online 8/7/2021) 
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ventilation and air conditioning (HVAC) systems. Interestingly, and very pertinent to the research of 

this thesis is Bilgen’s specific reference to research case studies that confirm that very often, HVAC 

systems are significantly overdesigned, a theme that will resonate throughout forthcoming chapters. 

Many buildings are built for human habitation, furthermore, approximately 90% of people spend 

most of their time in buildings (Shaikh et al., 2013a). For this reason, building service systems include 

a wide range of engineering components and technology to ensure that buildings are safe, functional, 

comfortable and efficient7.  

 
2.3.1  HVAC systems 

Heating, ventilation and air-conditioning (HVAC) systems have been widely installed into modern 

buildings to provide indoor thermal comfort and acceptable indoor air quality (Huang et al., 2015). 

Sometimes ‘refrigeration’ is also included within the HVAC abbreviation, thereby sometimes referred 

to as HVACR8. Essential functions of an HVAC system include (McDowall, 2006): 

 

• space heating (supplying heat to raise or maintain room temperature) 

• cooling (removing heat to lower or maintain room temperature) 

• humidification (adding moisture to the air in the form of water vapour) 

•  dehumidification (removing water vapour from the air) to maintain the relative humidity 

(RH) 

• filtration (removing dust particles, biological contaminants such as bacteria, viruses, fungi 

and other pathogens) 

• ventilation (providing sufficient air change rates of outside air)  

• appropriate air distribution (velocity, flow patterns and direction of air flow)  

 

The global HVAC market is predicted to reach approximately 367.5 billion U.S. dollars by 2030; this is 

based on a compound annual growth rate (CAGR) of 3.9 percent between 2020 and 2030, an interim 

projection estimates the HVAC market volume will reach over 151 million units by 2024, growing in 

proportion within the construction sector (Statista, 2020). Figure 2-5 illustrates the number of 

companies (firms) that traded and operated actively within the UK HVAC sector between 1998 and 

2019 showing a near continuous steady year-on-year growth. Whilst the graph is provided by Statista 

the raw data source originated from the Office for National Statistics (UK).   

 

 
7 Building Services Introduction - Available online at: https://www.designingbuildings.co.uk/wiki/Building_services 
(Accessed on 06/06/2021) 
8 STATISTA, HVAC Industry – Statistics and facts. Available online at: https://www.statista.com/topics/5225/hvac-
industry/#dossierSummary__chapter3 (Accessed on 12/07/2021). 
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Figure 2-5. Number of companies active in HVAC in the UK from 1998 to 2019 

Data Source: The Office for National Statistics (UK)9 
 

The global hospital HVAC systems market was valued at USD 7.05 billion in 2018 and this is expected 

to increase to USD 11.34 billion by 2025, based on an expected CAGR of 7.2% (Grand View Research, 

2019). The UK’s Department of Health (DoH, 2015) attributes approximately 44% of the energy used 

in a typical UK hospital to air and space heating including energy consumed for ventilation.  A further 

5-6% of the total energy consumed within a large hospital is attributed to cooling (Carbon Trust, 

2010); hence combined, a hospital HVAC load represents approximately 50% of the total energy 

consumed. The required mix of heating, cooling and ventilation for any given hospital is very 

dependent on its locality and external climate. In the UK, as in many temperate climates, heating is 

generally available to all occupied indoor spaces; in addition, various specialist areas such intensive 

care units (ICU), operating theatres, isolation rooms, pathology departments and hospital wards are 

frequently, additionally, supplied with ventilation and cooling services. As well as providing a 

comfortable and safe environment for patients, staff and visitors, HVAC has a pivotal role in 

determining infection rates within various hospital departments, particularly areas such as intensive 

care units, treatment rooms and operating theatres (Bartley et al., 2010; Luongo et al., 2016) thus 

helping to prevent contamination, and cross contamination, within these spaces. Good indoor air 

quality is an important non-pharmacological strategy in preventing hospital-acquired infections 

(Curtis, 2008), as airborne diseases have been linked to poorly designed, and poorly maintained HVAC 

systems (Saran et al., 2020). With the recent pandemic of COVID-19, the importance of HVAC systems 

from an infection control perspective is further highlighted by various provisional guidelines 

 
9 STATISTA, Figure 8 – Available online at:  https://www.statista.com/statistics/1228145/plumbing-and-hvac-company-
number-in-great-britain/ (Accessed on 12/07/2021) 
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(Alhazzani et al., 2020) in response to the crisis, the NHS and NHS Improvement (NHSI) published 

Health Technical Memoranda (HTM) HTM 03-01 Part A, on specific design requirements of critical 

ventilation systems, and HTM 03-01 Part B on operational management, maintenance and validation 

(NHS England and NHSI, 2021). 

 

2.3.2 Design of HVAC systems 

HVAC systems are made up of numerous and varied components. In almost every design application, 

many suitable options are available to the design engineer. In the selection and combination of these 

options, the design engineer must consider all criteria defined by the specification, or client brief, to 

achieve the functional requirements essential to the system. Figure 2-6 provides an example of a 

simple HVAC system configuration that includes key components such as boilers, chillers, pumps, 

coils and ventilation fans (Satyavada and Baldi, 2016). 

 
 

 
Figure 2-6. Overview of the main components of an HVAC system – Source: Satyavada and Baldi (2016) 

 

Figure 2-7 provides a more detailed illustration of an alternative typical ‘all electric’ HVAC system 

that utilises a refrigeration cycle, fans and pumps (ASHRAE, 1997) consisting of an in-building section 

and an out-building section. 
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Figure 2-7. Schematic of a typical HVAC system – Source: Energy and Buildings – ASHRAE, 1997 

 
The system is then divided further into five specific loops; in-building air and water loops, a 

refrigerant loop and then out-building condenser water and air loops. Intergraded within the in-

building systems are various components such as terminal unit coils, dampers, fans, ducts, and 

evaporators. External ‘out-building’ components include heat rejection condensers, water pumps, 

cooling towers and tower fans (ASHRAE, 1997). As HVAC contribute so much of building energy use, 

a small increase in operating efficiency can result in substantial energy savings (Lu et al., 2005). 

However, in practice achieving optimal operational performance for such a system is not a 

straightforward task as there are often many rooms and hundreds of components in a large-scale 

HVAC system, all of which are closely coupled. Hence many research studies have focussed on 

targeted energy conservation, either for individual component efficiencies, or part of system 

efficiencies (Lu et al., 2005).  

 

The climate-shift has doubled the risk of extreme European heatwaves and overheating results in 

excess of 2,000 deaths annually within the UK (UK Green Building Council, 2017). This will rapidly 

increase the demand for cooling systems and is likely to double the associated carbon dioxide 

emissions by 2030 (Braithwaite et al., 2015). “Worldwide energy demand for space cooling will 

overtake space heating by 2060 and outstrip it by 60% at the end of the century, as cooling demand 

in the developing countries of the global south grows faster than heating demand in the developed 

northern economies” (Morna and Vuuran, 2009).  

 

Many methods can be used to optimise and reduce the energy consumption or improve the energy 

efficiency of HVAC systems. One efficient way is to size HVAC systems at design stage properly 

(Grondzik, 2007). Butler (2020) predict that appropriate sizing of HVAC systems could result in annual 

Green House Gas (GHG) emission reductions by as much as 440kgCO2eq. Right sizing of HVAC plant 

within UK hospitals is considered to reduce carbon dioxide emissions by significantly more than that 

quoted by Butler for a typical commercial building. 
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According to Sun et al. (2014) HVAC systems are sized based on standardised procedures that were 

mostly developed by the American Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) (Sun et al., 2014); within the UK, guidance used for HVAC sizing tends to be a combination 

of both ASHRAE and CIBSE (Jones et al., 2017). Standard approaches for HVAC sizing only look at 

uncertainties during peak demand through the selection of an appropriate design day, and the choice 

of a safety factor (Sun et al., 2014). Sun et al. (2014) maintain that whilst this method works 

satisfactorily in most cases, it is not appropriate for designers that want to track the risks associated 

with an undersized system; they also assert that avoiding oversized HVAC systems deserves even 

greater attention given the fact that current practice of “defensive sizing” leads to oversized systems, 

this in turn leads to wasted capital investment and systems that operate far from their optimum 

efficiency loads. 

 

2.4 Procurement of building services   

The procurement of building services system technologies is known to present various potential 

barriers in particular in Public sector organisations such as the NHS due to the need for accountability, 

transparency, openness, fairness and efficiency. Figure 2-8 from (Herman and Yohannis, 2018) 

illustrates general principles which are encapsulated in many UK procurement policy directives, 

regulations and guidance documents to ensure value and security of supplies, services and works for 

the public sector10. 

 

 
Figure 2-8. Principles of Procurement of Goods and Services. Source: Herman and Yohannis, 2018 

 

Various public sector procurement frameworks are openly assessable to NHS buyers, all of which 

have been carefully designed and administrated to ensure they meet all required policy and 

 
10 UK Public Procurement Policy – Available online at:  https://www.gov.uk/guidance/public-sector-procurement-
policy#the-legal-framework---international-obligations (Accessed on 19/07/21) 
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regulations criteria. Crown Commercial Services (CCS) represents the largest Public sector 

procurement organisation in the UK, and provides multiple frameworks for a range of products and 

services, these include: facilities management, utilities, building materials, management consultancy, 

temporary nursing staff and many others besides11. Other large general procurement frameworks 

include the NHS Shared Business Services (SBS)12, the Eastern Shires Purchasing Organisation (ESPO)13 

and the Yorkshire Purchasing Organisation (YPO)14. 

 

Some frameworks, however, are specifically set up to facilitate the procurement of building services 

and provide a tried and tested route to market for large energy efficiency schemes such as boiler and 

chiller replacements, new energy centres  and CHP installations. Such frameworks include the Carbon 

Energy Fund (CEF) that was co-created along with the Department of Health and provides a special 

purpose vehicle allowing Public sector and NHS organisations to access capital finance, compliant 

procurement support and technical expertise, all within a single framework15.  Other similar building 

service specific frameworks include the Mayor of London Energy Efficiency Fund16 and the Re:Fit 

Programme17. 

 

2.4.1 Establishing requirements for building services  

Requirements are the basis of all construction and building service system projects, they define what 

the final product or system must achieve in order to fulfil the needs of customers. Requirements, 

therefore, form the basis of project tasks such as planning, risk management and change control (Hull 

et al., 2005). Requirements are the fundamental elements of the briefing process as well as the whole 

project development process (Yu and Chan, 2010). The Construction Industry Board (CIB) describes 

the briefing process within construction as “the process through which a client informs others of its 

needs, aspirations and desires for a project” (CIB, 1997). The Software Test & Evaluation Panel (STEP), 

defines a requirement as “a function or characteristic of a system that is necessary... the quantifiable 

and verifiable behaviours that a system must possess and constraints that a system must work within 

to satisfy an organization’s objectives…” (STEP, 1991). An alternative definition of a requirement 

provided by the Institute of Electrical and Electronics Engineers, is “a condition or capability that must 

 
11 CCS Products and Services – Available online at: https://www.crowncommercial.gov.uk/products-and-services/ 
(Accessed on 19/07/2021) 
12 NHS Shared Business Services – Available at: https://www.sbs.nhs.uk/total-purchasing-solutions (Accessed on 
19/07/21) 
13 ESPO – Available online at https://www.espo.org/frameworks.html (Accessed 19/07/21) 
14 YPO – Available online at:  https://www.ypo.co.uk/frameworks-home (Accessed on 19/07/21) 
15 CEF – Available online at: https://www.carbonandenergyfund.net/ (Accessed on 20/07/2021) 
16 MEEF Framework – Available online at: https://www.amberinfrastructure.com/our-funds/the-mayor-of-londons-
energy-efficiency-fund/ (Accessed on 20/07/21) 
17 The Re:Fit Programme – Available online at: 
https://ec.europa.eu/energy/sites/ener/files/documents/028_4c_refit_seif_brussels_19-01-17.pdf (Accessed on 8/03/21) 
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be met or possessed by a system or system component to satisfy a contract, standard, specification, 

or other formally imposed documents” (IEEE, 1990).  

 

Ideally requirements should be unambiguous, complete, concise, traceable, feasible, consistent and 

necessary (Kamara and Anumba, 2000; Young, 2004; Zielczynski, 2008). Requirements in building fall 

under various categories as outlined by Kamara et al. (2002), which are interrelated as illustrated in 

Figure 2-9. The client requirements form the basis of the design requirements, which are also 

informed by regulatory, site and environmental requirements.  

 
Figure 2-9. Interrelationship between project requirements – Source: Kamara et al. 2002 

 

The design provides details of the construction requirements that lead to building construction; all 

work elements are undertaken by way of multidisciplinary project teams. Building operation and use 

should meet the requirements of all stakeholders. An analogous structure applies to a building 

services project. 

 

Research into Requirements Management (RsM) within the construction industry is very limited 

when compared to the body of literature available within the Requirements Engineering (RsE), 

systems and software domain (Yu and Chan, 2010). Requirements management focuses on the 

tracking of requirements, detailing the source of the requirement and where this was documented; 

it focuses on changes to the requirement over time and how this came about (McCafferty, 2018). 

Requirements engineering is responsible for the development of the body of requirements and 

focuses on the validity of requirements ensuring they are clear, concise, and unambiguous; 

requirements engineering can be decomposed into the activities of requirements elicitation, 
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specification and validation (Rzepka, 1989). Sage and Palmer distinguish between “technical system 

requirements, that are primarily functional requirements, and management system requirements, 

that include cost and time constraints, as well as quality factors for requirements” (Sage and Palmer, 

1990). 

 

Previous studies undertaken by various researchers has acknowledged that there is a lack of 

identification, management and traceability of requirements during the design and project 

development process within building services and construction projects (Kamara and Anumba, 2001; 

Yu et al., 2005; Arayici et al., 2006; Chan and Liu, 2007; Yu and Chan, 2010). There is also a consensus 

amongst certain researchers that the management of requirements within the construction industry 

requires transparency, good communications amidst stakeholders, the innovative use of IT to 

capture requirements and inform decision making; many of which are currently inadequate (Kamara 

and Anumba, 2001; Chan et al., 2005; Chan & Yu, 2005; Hull et al., 2005; Arayici et al., 2006; Chan et 

al., 2007). 

 

More specific concerns associated with requirements engineering include problems in defining the 

system scope, problems with lack of understanding among different project stakeholders, and 

problems in dealing with the unpredictable nature of requirements. These problems in requirement 

elicitation can lead to poor specifications (Christel and Kang, 1992; Hull et al., 2005). 

Overspecification of a requirement, also known as over-requirement, occurs within projects when 

the customer or designer specify a product or service beyond the actual needs of the customer 

(Ronen and Pass, 2008). Shabi et al. in their 2021 paper identify a number of root causes that lead to 

overspecification in projects (Shabi et al., 2021): 

 

1. Lack of awareness of customers and designers about the implications of overspecification. 

2. The wrong assumption that the customer always understands the problem and also knows 

the solution. 

3. Difficulty to define current needs or requirements. 

4. Lack of ability to predict and define future needs or requirements leading to leaving options 

open for future growth (similar observation by Buschmann, 2010; Coman and Ronen, 2009). 

5. For many customers and designers ‘more and best’ seems better (similar observation by 

Coman and Ronen, 2009; Ropponen and Lyytinen, 2000). 

6. Phenomenon of ‘cut and paste’ from other similar projects; it seems easier and effort-less to 

adopt than the painful option to check and recheck what is necessary and of real value to the 

customer. 
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7. Pessimism that takes into consideration worst-case scenarios. 

8. Lack of knowledge leading to define large margins to be robust. 

9. Inaccurate translation of customer requirements to technical/engineering requirements. 

 

In addition to the cost and efficiency issues of overspecification, Shmueli et al. (2015) discussed other 

implications; project can be launched later or delayed in delivery. As systems might become more 

complex they also become more error prone and difficult to maintain. Over requirements can distract 

from the really important requirements and tie up human resources. Ultimately, they can lead to 

reduced use satisfaction and a loss of reputation that can jeopardise the entire company. 

  

Abhang (2020) states that overengineering within building services is a common consequence of ‘rule 

of thumb’ decisions during the design process, and that this should be overcome through well 

informed calculations and analysis of data.  

 
2.4.2 The procurement process  

Building engineering services are procured by various means depending on circumstances and the 

costs involved. In construction, refurbishment and large value projects, Quantity Surveyors (QS) are 

responsible for managing both financial and contractual matters, to ensure the client receives value 

for money and the project is delivered on budget. They are also actively involved in the procurement 

of building services (Olanrewajua and Anahveb, 2015). Building engineering services form part of the 

building ‘bill of quantities’ as provisional sums and is commonly considered a single ‘lump sum’ 

element. Broadly, the element comprises two major components namely the mechanical and 

electrical (M&E) service components (Willis et al., 1984; Swaffield and Pasquire, 1996, 1999, 2000). 

This generally includes: plumbing installations, electrical installations, air-conditioning, heating, 

ventilation, lift installations, fire systems and comms installations (Chiu and Lai, 2016).  

 

Historically, it was not custom and practice to measure this type of work; and contractors often 

preferred to offer lump sum quotations based on drawing and specifications (Ashworth and Hogg, 

2007). However, more recently with the increasing scope of building services, the provisional sum 

approach has been condemned as being inadequate for proper cost management of building service 

systems, with appeals for the detailed measurement and better financial management requiring 

increased awareness with regard to accountability and transparency (Olanrewaju and Anahve, 2015). 

Within the UK, the two most frequently methods of procuring building services are: 
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• the domestic form, whereby a main contractor subcontracts building services work to a 

specialist of its choice. 

• the nominated form, whereby the specialist is again subcontracted by main contractor but 

chosen/nominated by the architect or client design team (Shoesmith, 1996). 

 

In building services procurement in the NHS the contractors are generally nominated, but need to 

follow strict procurement law, rules and regulations due to the sums of capital expenditure involved. 

The current procurement regime for healthcare services within the NHS specifically, are underpinned 

by the following laws18: 

 

• The Public Contracts Regulations 2015 (PCR), which are derived from EU law. 

• The NHS (Procurement, Patient Choice and Competition) (No. 2) Regulations 2013 (the NHS 

Regulations), made under section 75 of the Health and Social Care Act 2012. 

 

Further to the healthcare related laws, many other UK Public procurement policies, laws and 

regulations apply (as referenced in footnote 19 and Section 2.4). In addition, the general EU Treaty 

principles of procurement require that; (1) All potential bidders are treated equally, (2) Suppliers of 

goods and services have the right to take action against public bodies, if contracts are not advertised 

or awarded on an open and fair basis (Badger, 2019). Until very recently, these principles legally 

required UK public sector authorities to openly tender all construction contracts over a certain 

monetary threshold via the Official Journal of the European Union (OJEU) (Garthwaite, 2017). 

Following the UK’s departure from the European Union, OJEU procurement rules moved in line with 

the World Trade Organisation’s (WTO) Government Procurement Agreement (GPA) which 

incorporates both EU member states and non-EU states19. To facilitate this change, the UK has now 

replaced OJEU with a new e-tendering platform ‘Find a Tender Service’ (FTS). The use of this platform 

is now a legal requirement where contracts exceed the WTO GPA threshold, currently set at £118,000 

or above20. This switch will have a notable impact on Public procurement. 

 

Procurement frameworks remove the need to publicly advertise lower value projects and allow 

purchasers to select local firms from a predetermined list of approved contractors. As framework fee 

 
18 NHS Procurement Laws – Available online at: https://www.hilldickinson.com/insights/articles/where-next-
procurement-nhs (Accessed on 29/07/21) 
19 OJEU Thresholds and Public Procurement – Update 2021 – Available online at: https://thorntonandlowe.com/ojeu-
thresholds/ (Accessed on 29/07/2021) 
20 UK Government, Find a Tender Service (FTS) – Available online at:  https://www.gov.uk/find-tender (Accessed on 
29/07/2021) 
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rates are predetermined, they are typically more expensive than the lowest price bidding option. 

However, frameworks can provide an advantage of long-term benefits and prevent under-priced 

bidding, a severe problem that was encountered in the late 1980’s resulting in financial collapse, and 

poor workmanship (Witt and Roode, 2011). As asserted by Garthwaite, this creates a difficult 

dilemma for NHS managers and decision makers in trying to adopt sustainable procurement practices 

using local labour via framework arrangements, whilst at the same time trying to cut costs 

(Garthwaite, 2017). 

     

The NHS developed its own approach to construction procurement (which includes the provision of 

building services) in 2003, known as ProCure21, this provided a standardised framework of strategic 

partners for the design and construction of NHS capital projects.  In essence the ProCure21 Principal 

Supply Chain Partners (PSCPs) replaced the role of the main (or principle) contractor used in 

traditional construction projects. ProCure21 tenders were exempt from the requirement to advertise 

through the Official Journal of the European Union (OJEU), saving a period of six to twelve months at 

the beginning of a construction project (Caldwell et al., 2005). ProCure21 was superseded by 

ProCure21+ in 2010, and ProCure22 replaced ProCure21+ in October 2016. All ProCure frameworks 

provided quick access to framework partners, cost certainty, quality, and value21. Most recently, a 

fourth generation ProCure framework, ProCure23 (P23) has been announced to commence in July 

2022, the new framework is designed to provide greater flexibility to contractors, and provide a 

specific focus on delivering greener facilities, reducing carbon emissions throughout the process, and 

promoting social value22. Whilst the ProCure21, 21+, 22 and 23 frameworks do not facilitate the 

provision of funding, thereby placing this responsibility onto the NHS Client to ensure adequate 

funding for the works is available when required, other building services specific frameworks such as 

the Carbon Energy Fund (as discussed in Section 2.4) do provide flexible, funding and financing 

options. 

 

2.5 Building services operational management and control 

How a building is operated and maintained has a huge influence on how it will perform in terms of 

user satisfaction, environmental impact and running costs (CIBSE, 2014). Building services 

operational management, covers a range of topics that include: maintenance contracts, energy 

efficiency, commissioning and testing, operational risk assessment, operation and maintenance 

costs, health and comfort, condition surveys, legislation and compliance and training23. Maintenance 

 
21 The Department of Health, ProCure22 – Available online at:  https://procure22.nhs.uk/about/ (Accessed on 30/07/21) 
22 The Department of Health, Procure23 – Available online at: https://procure22.nhs.uk/p23/ (Accessed on 30/07/21) 
23 CIBSE Facilities Management – Available online at: https://www.cibse.org/fm (Accessed on 2/08/21)  
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services, however, are not noticeable and are always overlooked by the management, hence much 

of the manpower is wasted in performing corrective maintenance works (Chan et al., 2001). 

According to the British Standard 3811, ‘building maintenance’ is defined as “the work undertaken 

to keep, restore or improve every part of a building, its services and surrounds”, it is expected to 

return the building to its original design condition (Lee and Scott, 2009); increasing the level of 

required maintenance, however, is likely to extend the lifecycle of the building (Zavadskas et al., 

1998). The four main aspects influencing the management of building maintenance operation 

processes have been identified as: maintenance policy and strategy, strategic management, facility 

management and performance management (Lee and Scott, 2008). According to Nutt, maintenance 

policy cannot operate effectively and efficiently without sufficient maintenance resources (Nutt, 

2004), and whilst various operational management delivery models exist, factors such as cost, quality 

and process considerations, all influence the choice of maintenance strategy adopted by senior 

organisational managers (Lee and Scott, 2009). 

 

2.5.1 Models of building services management – retained and contracted  

The maintenance of engineering assets and services within buildings has traditionally been carried 

out in a variety of ways, by a variety of service providers (CIBSE, 2014) either service and maintenance 

providers are called in on an ad hoc basis, a service contract exists, or the maintenance labour force 

is directly employed. Contracts offer a flexible workforce that are subject to binding contractual 

arrangements, however, a directly employed workforce understanding the specific requirements can 

operate systemically but can also be costly and difficult to recruit.  

 

Larger buildings such as hospitals, with a variety of often critical engineering assets and services; 

require a resilient and formal maintenance structure and often a combined approach, consisting of 

directly employed labour and specialist service providers (CIBSE, 2014). Building services generally 

fall under the wider remit of Facilities Management (FM) Services, which has been one of the fastest 

growing professional disciplines in the present (Lomas, 1999; Barrett and Baldry, 2003). FM provides 

an integrated approach for operating, maintaining, and improving a buildings infrastructure to 

provide an environment that strongly supports the core objectives of that organisation (Barrett and 

Baldry, 2003). Facilities management functions are either provided in-house (retained) or outsourced 

(contracted) depending on priority and costs (Atkin and Brooks, 2005). Many large, outsourced FM 

providers such as Serco, Sodexo, Mitie and Interserve have been engaged by various hospital 

organisations, with varying degrees of success (Wise, 2007; Atkin and Brooks, 2005; Collings, 2007). 

Maintenance of building services infrastructure when delivered as part of an EPC arrangement via 

service providers such as Veolia, EDF, Bouygues and Vital Energi tends to be carefully monitored and 
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rigorously applied due to the need to protect engineering assets, and to ensure optimum 

performance and operation of plant and equipment throughout the contract term (Piette et al., 2001; 

Lee et al., 2015). 

 

2.5.2 Building Management System (BMS) controls 

Good controls are vital for the safe and energy efficient operation of large buildings such as hospitals. 

They are necessary to keep HVAC plant operating effectively and to ensure that all plant and 

equipment operates safely in the event of any unforeseen circumstances; Building Management 

System (BMS) controls must be capable of two-way communication with users responsible for its 

operation (CIBSE, 2009). BMS HVAC control systems are designed to maintain a range of building 

parameters such as temperature, humidity and safe levels of indoor contaminants; they operate by 

automatically controlling building services hardware such as motors, valves and actuators to 

maintain building load requirements, and so sequence mechanical and electrical equipment to 

modulate ‘on or off’ as the building requires (ASHRAE, 2005). Various adaptive control techniques 

have been utilised within BMS systems, these include, Proportional Integral Derivate (PID), the Model 

Predictive Control (MPC) and the Fuzzy Logic Control (FLC), all of which have the ability to self-

regulate and adapt to the climate conditions whilst enhancing energy savings (Dounis and Caraiscos, 

2009; Eynard et al., 2009; Shaikh et al., 2014). 

 

Human intervention often involves scheduling equipment operation times and adjusting control set 

points, but also includes tracking trends and programming controls, to fulfil building comfort 

requirements (ASHRAE, 2005). The main aim of a BMS is to fulfil the occupant’s expected comfort 

requirements whilst reducing energy consumption (Shaikh et al., 2014). Dounis and Caraiscos also 

confirm that originally, the goal of the development of control systems for buildings was mainly 

minimisation of energy consumption (Dounis and Caraiscos, 2009). Historically, problems have been 

reported with achieving full utilisation of BMS. These include deficiencies in the user interface (John 

et al., 1989), over- complicated design (Clapp and Wortham, 1989), complex control strategies and 

issues with adapting software to specific building requirements (Brendel and Schneider, 1991), and 

the users’ lack of knowledge and experience in using the BMS (Wang and Zheng, 2001). Over the past 

two decades with the advancement of IT, BMS systems have become more intuitive and now utilise 

user-friendly graphic interfaces providing simple access and management of building controls, 

allowing varying levels of system access dependant on user needs (CIBSE, 2009). 
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Despite advancements of the modern BMS system, many systems are still considered within the 

building service industry, to under-perform24. This issue results in significant energy waste, increased 

costs and uncomfortable environments for building users. Some industry professionals consider a 

properly functioning BMS can deliver energy efficiency reduction in the range of a conservative 15-

20%25. Doukas et al. (2009) explored the development of BMS as technological improvements to 

deliver automated responsive systems that support effective energy management. CIBSE maintain 

that building controls have a vital role to play in preventing energy wastage (CIBSE, 2009). 

 

2.5.3 Intelligent Buildings (IB) 

The starting point of research on making buildings intelligent (IB) began in the early 1980s (Wong et 

al., 2005). The advancement of information technologies (IT) and concerns over energy resources 

supported the motivation to provide more comfortable living environments for building occupants 

whilst driving down energy consumption. Early research looking into intelligent buildings focused on 

the automatic control and operation of the buildings only, ignoring occupant and building 

interaction; however, the research revealed some negative connotations to this approach.  

 

Today, during the design and operation of intelligent and sustainable buildings, the productivity and 

well-being of occupants have the same importance as energy conservation (LEED, 2020; BREEAM, 

2020). There have been many references to the definition of an IB. In 1989 at the Intelligent Building 

Institute (IBI) defined an IB as “one which provides a productive and cost-effective environment 

through optimization of its four basic elements including structures, systems, services and 

management and the interrelationships between them” (Wigginton and Harris, 2002). More recent 

definitions of IBs have gradually considered the users’ interactions and even the social values of users 

(Jamaludin, 2011; Ghaffarianhoseini, 2012); hence the definition, “one in which the building fabric, 

space, service and information systems can respond in an efficient manner to the initial and changing 

demands of the owner, the occupier and the environment” (Ghaffarianhoseini et al., 2016).  

 

Looking at IBs from an energy and technological perspective, a significant body of research has 

already been undertaken to explore the potential benefits of smart grid networks (Mofidi and Akbari, 

 
24 CIBSE Journal - Optimising HVAC system performance using BMS data analytics – Available online at: 
https://www.cibsejournal.com/case-studies/optimising-hvac-system-performance-using-bms-data-analytics/ (Accessed 
on 3/08/21) 
25 The Green Consultancy - Building Management System services. Available online at: 
https://www.greenconsultancy.com/discover-total-energy-management/identifying-energy-efficiency-
opportunities/building-management-system-services (Accessed on 4/08/21).  
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2020; Lawrence et al., 2016; Palensky and Dietrich, 2011). A grid-interactive building interacts with 

occupants to learn their needs and preferences and optimises energy consumption by continuous 

two-way communication with the smart grid to deploy demand-side management (DSM) techniques 

that include energy efficiency programs, as well as energy efficient and smart appliances through 

advanced metering and intelligent control, to provide demand flexibility (U.S. Department of Energy, 

2019a).  

 

Demand flexibility is the capacity of the building to adjust its load profiles to facilitate the optimised 

and balanced operation of the grid (U.S. Department of Energy, 2019b). Whilst the opportunities of 

demand reduction in hospitals through smart appliances and wearable devices to intelligently control 

lighting and HVAC systems are currently being explored through use of ‘Internet of Things’ (IoT) 

(Risteska-Stojkoska and Trivodaliev, 2017; Kazem et al., 2017; Mofidi and Akbari, 2020), some UK 

NHS hospitals have already gained financial benefits from the utilisation of smart grid practices via 

demand response programmes; these require NHS hospitals to export electrical power to the 

National Grid (NG) utilising onsite ‘standby’ generation systems, at times when the grid is struggling 

to meet supply capacity demands26. This practice, however, due to the NHS decarbonisation 

requirements by 204027, is not likely to be a consideration for the future. 

 

2.6  Risk and uncertainty  

The term ‘risk’ is used in many ways and is given different definitions depending on the context in 

which it is being used. According to the Association of Project Management (APM, 2020), risk is the 

“combination of the probability or frequency of occurrence of a defined threat or opportunity and the 

magnitude of the consequences of the occurrence” (APM, 2020). The Office of Government 

Commerce (OGC, 2007) defines risk as “an uncertain event or set of events which, should it occur, will 

have an effect on the achievement of objectives; a risk is measured by a combination of the probability 

of a perceived threat or opportunity occurring and the magnitude of its impact on objectives”. Risk 

and uncertainty are often seen as threats, but uncertainty also creates opportunities “to deal fully 

with uncertainty, the engineering profession cannot only focus on risk management; it must also 

manage opportunities” (de Neufville et al., 2004). Safety risks are a particularly important category 

of risks, which can be mitigated by four separate categories (Möller and Hansson, 2008):  

 

 
26 Demand Response Programme - Available online at: https://news.cision.com/kiwi-power/r/demand-response-
programme-generates-significant-new-revenue-for-nhs-hospital,c9320146 (Accessed on 4/08/21) 
27 NHS Zero Carbon by 2040 – Available online at: https://sustainablehealthcare.org.uk/news/2020/10/nhs-england-
commits-net-zero-emissions-2040 (Accessed on 4/08/21) 
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• Inherently safe design, which removes the source of the safety risk, for example, 
replacement of a flammable liquid with a non-flammable liquid. 

 
• Safe fails designs, which minimises the impact of any failure, e.g., by containing flammable 

material in a non-flammable container. 
 

• Safety reserves, which involve an element of over-dimensioning. 
 

• Procedural safeguards, which aim at human processes such as training that counteract the 
safety risk.  

 

Risk and uncertainty considerations form an important part of the research of this thesis. At the 

highest level, energy management and broader sustainability concepts are being increasingly 

prioritised strategically across multiple industry and service sectors, to mitigate the risks associated 

with climate change (Challinor et al., 2016); according to the Intergovernmental Panel on Climate 

Change, the risks, and volatile events as a result of climate change pose the greatest threat to the 

planet, its ecosystems and our societies (IPCC, 2014). The importance of uncertainty grows as we 

take a longer-term view. This is a great concern for HVAC systems, which have target lives of over 25 

years and will have to handle the effects and extremes of climate change. 

 

de Neufville et al., (2004) highlight that “numerous retrospective studies indicate that uncertainties 

often constitute a central consideration in performance of engineering systems. Uncertainty thus 

needs to be treated as a core element for the design of engineering systems”. Addressing risk and 

uncertainty within a hospital setting is particularly important due to the critical nature of its 

operation. One way of achieving fail safe system is to design redundancy into the systems (Chen & 

Crilly, 2014), however this can lead to overdesigned systems. As this thesis will argue overdesigned 

systems can result in serious energy and financial performance issues that prevent hospital 

organisations meeting the energy, environmental and financial goals they are committed to (Bacon, 

2014; Butler, 2020). Under sizing of building service systems also carry risk consequences (Sun et al., 

2014).  

 

Energy efficiency can itself become a risk management tool (Russell, 2005; Naumoff and Shipley, 

2007); by reducing the exposure to energy tariff increases and the associated carbon impacts (see 

Mills et al., 2006 for a wide-ranging discussion concerning the analysis and management of risk 

associated with energy efficiency investments). Energy Performance Contracts (EPC’s) transfer risk 

from building owners to energy service companies (Goldman et al., 2005), see section 3.4.1. Energy-
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savings insurance shifting the risk to an insurer is a conventional risk management tool that could 

potentially remove barriers to energy efficiency investments (Mills, 2003).  

 

2.6.1 Risk Factors   

Financial, technological, policy and organisational risk factors (Schleich and Gruber, 2008; Gupta et 

al., 2017) effect energy efficiency projects: 

 

• Financial risk arises from a lack of assessment of the financial implications resulting from the 

adoption of energy efficiency measure (Azizi et al., 2010). These arise from a lack of case 

studies and quantifying empirical evidence of the profitability of energy efficiency projects, 

or a lack of assessment of the regulatory risks affecting financial profitability as well as 

inaccurate assessment of the financial benefits of efficiency measures provided by energy 

auditors (Harris et al., 2000; Blass et al., 2014; Brunke et al., 2014; Venmans, 2014; Cagno et 

al., 2015). 

 

• Technical risks include equipment incompatibility or unavailability (Arroyo Currás, 2010; 

Brunke et al., 2014), which lead to the inability to meet requirements (Okazaki and 

Yamaguchi, 2011). Production and installation disruptions are also common (Thollander and 

Ottosson, 2008; Venmans, 2014). 

 

• Information risk where potential purchasers of equipment are given false or misleading 

information (Austin, 2012; Brunke et al., 2014; Cagno et al., 2015; Schleich & Gruber, 2008; 

Trianni and Cagno, 2012; Ostertag, 2002; Venmans, 2014). There is a general skills shortage 

within energy management, energy policy and energy efficiency, leading to a limited ability 

to evaluate energy efficiency measures that are key risk concerns (Chegut et al., 2011; Blass 

et al., 2014; Brunke et al., 2014; Cagno et al., 2015; Venmans, 2014). Similarly, there is a 

significant skills gap with regard to trained manpower for the installation and maintenance 

of building services plant and equipment (Azizi et al., 2010; Cagno et al., 2015). 

 

• Organisational risks include a perceived lack of empowerment or decision making within an 

organisation and insufficient support from senior management. Differences in the 

perception of managers or cognitive bias coupled with complex decision processes and 

governance systems also impact on effective energy management (Moore, 1994; Brunke et 

al., 2014; Cagno et al., 2015; Richardson and Lynes, 2007; Wood, 2007). 
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2.6.2 Models of uncertainty  

Uncertainty is a term used in subtly different ways in a number of fields (de Weck et al., 2007). 

Uncertainty can be grouped into four categories; known uncertainties, unknown uncertainties, 

uncertainties in the data and uncertainties in the description (Earl at al., 2005). Known uncertainties 

are those that can be described and dealt with based on past knowledge and experience, whereas 

unknown uncertainties are those where the specific event or type of event could not have been 

foreseen. Uncertainty of data includes factors such as accuracy, completeness and quality of 

measurements themselves (de Weck et al., 2007). In addition to the numerical data uncertainties, 

uncertainty in the descriptions of systems that focus on the opacity of descriptions, the selection of 

components and the lack of clarity in their scope; this distinction makes an important point during 

the mathematical modelling of uncertainty (de Weck et al., 2007). de Weck et al. (2007) illustrate 

various sources of uncertainty in Figure 2-10, and describe these uncertainties as being endogenous 

or exogenous, to a product or system. 

 

 
Figure 2-10. Sources of Uncertainty - Source: de Weck et al. 2007, A Classification of Uncertainty for Early 

Product and System Design 
 

Endogenous uncertainty factors illustrated in Figure 2-10 are those that feature within the dashed 

box. Looking at product context, some uncertainties can be influenced by the system designer at the 

early design stage; these include elements such as technical risks that can be assessed along with 

durability and reliability factors (de Weck et al., 2007). Poorly understood, and therefore unmodelled 

interactions between system components can lead to change propagation throughout the system 
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which can lead to unexpected failure (Eckert et al., 2004). How components interact during a change 

process is seldom understood, thereby affecting reliability and robustness which are increasingly 

addressed by quality management strategies (Taguchi, 1990; Phadke, 1989). de Weck et al. (2007) 

also emphasise that corporate related uncertainties can arise from the manner in which a business 

develops its product strategies, maintenance contracts and contractual arrangements, all of which 

can have significant consequences on a product’s overall success. Uncertainties that lie outside of 

the boundary are described as exogenous factors and include uncertainties that arise from the way 

in which a product is used, and the environment in which it is required to operate. Exogenous factors 

also include market-based uncertainties such as: changes in fashion, product demand profiles, 

competition and changes in the economy; exogenous uncertainties can also include political and 

cultural factors (de Weck et al., 2007). Figure 2-10 also illustrates that whilst some endogenous 

uncertainties are independent of exogenous uncertainties, many uncertainty factors highlighted by 

the overlapping characteristic of the figure, do impact one another. Lessard and Miller (2001) 

presented a model whereby uncertainties were arranged in circular layers within a ‘target’ like 

representation, as seen in Figure 2-11. 

 

 
Figure 2-11. Layers of uncertainty - Source: Lessard and Miller, 2001 

 

The inner layer represents direct technical/project risks, not to dissimilar to the product context 

element of Figure 2-10; other similar associations between uncertainty groups can also be reflected 

across the two figures. Hospitals are subject to a high degree of country and fiscal uncertainty, as 

both finance and targets are set by political entities. Natural uncertainty affects the weather 

conditions the system must operate under. Market and industry uncertainty are less of a concern 

beside the fluctuation of energy prices.  

 

A large volume of literature looks at possible ways to mathematically model uncertainties. Halpern 

(2003), for example goes into considerable depth and provides various representations of 
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uncertainty that include: Probability, Bayesian Probability, Dempster-Shafer Theory and Possibility, 

which all require a numeric expression of the likelihood of future events (Halpern, 2003). de Lima 

and Ebecken (2000) discuss two alternative approaches to uncertainty analysis; the “classical 

probabilistic approach, in which the properties are treated as random variables…. and the possibilistic 

approach, by a model based on the theory of fuzzy sets”. 

 

Elements of uncertainty are always present and this should not be overlooked by system designers. 

de Weck et al. (2007) make an important point that:  

 

“the more complex and expensive a system or product is and the more difficult it is to 

incorporate future engineering changes, the more important an explicit treatment of 

uncertainty will be” (de Weck et al., 2007). 

 

2.7 Building services overdesign 

Oversizing is common in energy infrastructure and building services systems across all building 

sectors, with significant additions of cost for the client and reduced performance (Djunaedy et al., 

2011; Abhang, 2020; Butler, 2020; Sun et al., 2014). Very often, older building service systems are 

oversized for current needs, as they were designed to meet legacy demand of policy requirements, 

that have subsequently changed over time. For example, a building ventilation plant designed in the 

1990’s was sized to provide adequate dilution of tobacco smoke, which is no longer a concern since 

the smoking ban within buildings in 2007 (Geens et al., 2011). When building service plants are 

replaced at the end of their useful operational life, new plants are often specified on a like-for-like 

basis without any due consideration. Designs must be based on accurate calculations of the 

requirements to assure correctly sized equipment with optimal performance (Abhang, 2020). 

Hospitals need to be resilient and handle crisis events. This leads to a bias towards over-capacity 

design of energy and building services infrastructure in order to mitigate risk (de Neufville et al., 

2004; Djunaedy et al., 2011). 

 

Sun et al. (2014) claim that oversizing practices of air-conditioning systems are found to be extensive 

in practice. Felts and Bailey (2000) report that over 40% of rooftop air conditioning units are oversized 

by more than 25%. It was not uncommon that systems were oversized by as much as 100% (Djunaedy 

et al., 2011). These studies support the general consensus that oversizing is likely happening as 

standard practice within building services engineering, rooted implicitly in current methods and 

processes. Sun et al. (2014) propose methods for HVAC sizing that express a safety factor that is 
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based on uncertainty analysis. Autodesk and RMI undertook a study that showed that oversizing of 

HVAC systems across all building sectors can result in a 50% oversizing of systems, when using 

traditional static-load and ‘rule of thumb’ approaches at an estimated cost of £224bn globally 

through increased capital and operational costs (Butler, 2020). Butler (2020) also states that “HVAC 

rightsizing will also be crucial to meet the ambitious goal of decarbonising Europe’s building stock by 

2050”. Abhand (2020) points out that “rule of thumb” decisions in design processes commonly result 

in oversizing, and whilst they accelerate the design process which can reduce costs in the short term, 

these savings are later counteracted by the increased capital cost of plant, since overdesigned 

equipment is more expensive. A report by Soliman (2019) highlights that the overdesign of pumps, 

plate heat exchangers, and refrigeration compressors greatly raises the ‘in use’ energy consumption, 

whilst reducing general plant performance (Soliman, 2019). Graham (2016) suggests a good strategy 

is to “plan for expansion, but don’t size for it”. This approach helps avoid the provision of excess 

capacity today for an increased future demand requirement, that may never exist, but at the same 

time does consider the physical space requirements necessary, should future capacity requirements 

need to be increased (Graham, 2016). 

 

2.7.1 Design margins 

While other researchers have acknowledged that buildings, building services or other technical 

system are overdesigned, less effort has been placed in identifying by how much, i.e. what the 

margins on these systems would be. Margins is an overarching term that is used to describe the 

multiple contingencies added to the design or the design requirement during the design process to 

provide flexibility, resilience and safety (Eckert and Isaksson, 2017). Different terms, such as safety 

factor, excess or buffer are used to denote different purposes for the element of a design that 

exceeds the functional requirements (Eckert et al., 2013). Whilst the term ‘margin’ is often used 

within companies in a number of industry sectors, particularly in the aerospace or ship building 

industry (Stratmann, 2006), formal description of margins are only now emerging. A useful definition 

of a design margin provided by Eckert et al. (2013) is: “the extent to which a parameter value exceeds 

what it needs to meet its functional requirements regardless of the motivation for which the margin 

was included”. Margins are added by different stakeholders for a variety of reasons. 

 

2.7.2 An overview of design margins 

One of the earliest references to design margins within the literature refers to a method for 

propagating and mitigating the effect of uncertainty in the conceptual design of rocket components 

using probabilistic modelling to determine design margins in complex multidisciplinary engineering 
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systems. The method proposed by Thunnissen (2004) begins with the identification of tradable 

parameters that are then modelled, analysed and optimised. This approach identifies important 

differences between the calculated design margins, and the values typically assumed in conceptual 

design. Thunnissen (2004) advises to add design margins to allow for uncertainties in the absence of 

other techniques for uncertainty mitigation and propagation. He highlights that uncertainty can lead 

to overdesigned systems.  

 

Tackett et al. (2014) address margins in the context of shipbuilding refurbishment, in terms of: 

 

• excess: “the quantity of surplus in a system once the necessities of the system are met”.  

• capacity: “the ability of a system to meet future performance objectives using existing system 

excess”. 

 

In building services margins are added to safeguard against uncertainty and risk (CIBSE, 1986) in 

particular to ‘future proof’ the system. Bacon (2014) argues “that building energy performance 

directly relates to the engineer’s assumptions based upon occupancy levels, which are often 

standardised, leading to over-engineered systems for maximum occupancy levels”. 

 

2.7.3 Theory of margins 

Eckert et al. (2012) notes a design margin is defined as ‘the extent to which a parameter value 

exceeds what it needs to meet its functional requirements regardless of the motivation for which the 

margin was included’. As described in Eckert et al. (2019), margins (M) can be conceptualised as 

having two elements; a buffer (B), which is used to cater for uncertainties, and an excess (E), which 

is the surplus versus the known requirements (R). See Figure 2-12:  

 
Figure 2-12. Buffer and Excess in Margins - Source: Eckert et al. 2019. 

Design margins: a hidden issue in industry. 
Put simply: 

• Margin = buffer + excess  

• Margin = capability – requirement 
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Eckert et al. (2012) explain that since the parameter value (pj) of a system is rarely known precisely, 

a range of uncertainty needs to be accounted for within the system design. Hence, because the 

precise capability of the system is not known, the buffer provides a range that caters for the expected 

variations within system capability; in the same way, limitations of the system are not known 

precisely either. This conceptualisation is illustrated in Figure 2-12 and is defined by the equation: 

 

M(pj) = B(pj) + E(pj)       

 
As system requirements can increase or decrease, they are drawn as a distribution around the 

nominal value of the requirement. The margins are the surplus above the requirements, which 

includes part of the buffer. In the case of reduction of requirements, this results in an increased 

excess. By understanding a systems capability better, designers are able to reduce the uncertainty a 

system is subject to, thereby increasing the excess on the system. Excess is “the quantity of surplus 

in a system once the necessities of the system are met” (Tackett et al., 2014). A fully optimised 

product would have no excess margin in any of its parts (Eckert et al., 2020). 

 

Peng and Li (2021) present a generalised margin design theory and framework for reliability, that is 

divided into two parts; the stress margin and the functional margin. The generalised margin of the 

product, component or system is defined by the equation: 
 

       M g = M s + M f 
 

Where Mg represents the generalised margin of the product, Ms represents the stress margin in the 

product design process (defined as the margin that is maintained after the maximum working and 

environmental load has been reached and generally considers dispersion), and Mf represents the 

functional margin within the product design process (Peng and Li, 2021). The theoretical framework 

of generalised margin design is illustrated in Figure 2-13. 
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Figure 2-13. The framework of generalised margin design - Source: Peng and Li (2021) 

Reliability Engineering Design Method based on Generalised Margin Design theory 

A study of truck designers revealed that design margins can accumulate under different names and 

terminology; and different groups of engineering stakeholders used different words to describe 

margins and were often not aware of margins being added by another group (Eckert et al., 2019).  

Figure 2-14 illustrates the various terminology, and how the different margins can be accumulated.  

 
Figure 2-14. Cumulative effect of margin concepts - Source: Eckert et al. 2019. 

Design margins: a hidden issue in industry. 
 

 

As illustrated in Figure 2-15, margins can be added to both the requirements and the specification 

Eckert et al. (2020). 
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Figure 2-15. Margins on requirements and design margins - Source: Eckert et al. 2020. 

Design margins in industrial practice 
 
 

In order to calculate a suitable safety margin or safety factors, it is important to articulate the risk or 

mitigation goal accurately (Theofanous, 1996). In practice however, this can be extremely difficult to 

accomplish (Benjamin et al., 2016). Eckert and Isaksson (2017) claim that the majority of research on 

safety margins looks to ensure the appropriate levels of safety margin are calculated based on, 

known, and unknown risk factors.  

 

2.7.4 Design for flexibility 

Flexibility provides the ability for function to change over time if necessary; therefore, this is usually 

seen as a good thing. Eckert et al. (2013) claim that “most components or systems have the ability to 

absorb some degree of change. This arises from incorporating margins. Some systems are designed 

to be flexible in use, by defining design margins at the beginning of a project”.  Banerjee and de Weck 

(2004) state “Flexibility provides functionality, performance, and capacity, each of which consists of 

many attributes, which can also be thought of as requirements. Flexibility is a desirable quality if there 

is bounded uncertainty in the future usage of the system …. usually the range of expected behaviour 

is fixed in a specification” (Banerjee and de Weck, 2004). Striving for flexibility both designers and 

their clients often appear to under-estimate or ignore system connectivity which pulls systems down 

to the lowest common denominator as well as the effect of some detailed requirements (Bordass 

and Leaman, 1997). Flexibility is the ability of a system to meet changing requirements. By contrast 

robustness is the ability of a system that allows it to satisfy a fixed set of requirements, despite 

changes in the environment or within the system (Saleh et al., 2009). Ku (1995) described robustness 

as ‘a resistance or immunity to change’.  

 

Ross et al. (2008) present a useful paper that categorises the possible changes that might occur 

within, and to engineering system. They describe the ilities as; flexibility, adaptability, scalability and 

modifiability. As described by the change taxonomy this is not comprehensively complete as it 

excludes agility, which is one of the four central changeability ilities in Fricke and Schulz (2005). Agility 
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is the ability of a system to make a change quickly, and hence is a modifier describing the nature of 

the change. Dove (2005) defines agility in a similar manner to changeability, encompassing 

“adaptability, flexibility, and robustness, along with notions of ease of change in terms of both dollars 

and time”.  

 

Ross et al. (2008) describe the influences that might occur for a system to require modification as 

“change agents”, and argue that these influences can be expressed as parameters that can be traded 

off in ‘trade-spaces’. Margins are also a means of handling variability in use for long life products (de 

Neufville et al., 2004; Saleh et al., 2009), however this is likely to be the responsibility of strategic 

decision-makers, rather than designers, as the “analysis of markets and customer usage is neither in 

the engineers' job descriptions nor in their training” (de Neufville et al., 2004). de Neufville et al. 

(2004) point out that traditionally engineers have been managing risk through fixed specifications, 

rather than probabilistic analysis. Usually, the range of expected behaviour is fixed in specification 

(Banerjee and de Weck, 2004). Bacon (2014) also determines “that building energy performance 

directly relates to the engineers assumptions based upon occupancy levels when sizing HVAC systems, 

which are often standardised, leading to over-engineered systems for maximum occupancy levels”. 

The motivation is often the desire to cope with heightened demand resulting in disproportionate 

margins without a clear rationale. Djunaedy et al. (2011) point to the need for suitable sizing methods 

that include reasonable risk factors, as HVAC sizing is often previous experience and ‘rules of thumb’.  

In some cases “many decisions are made at detail level, with limited consideration of overall solutions 

and overall performance/cost ratio” (Almefelt et al., 2005). 

 
In particular for long-lived systems, design engineers need to ensure that the systems contain 

elements to enable an ability to absorb change or be altered easily for the future.  “Most components 

or systems have the ability to absorb some degree of change... this arises from incorporating margins” 

(Eckert et al., 2013). This need can arise from different sources, such as the need to maintain 

functionality in a changing external environment, an ability to be upgraded, optimised or the need 

to increase longevity. Throughout the design process decisions need to be made about issues such 

as compatibility with other technologies or how easily future changes can be applied all within a 

potential framework of investment decision-making, such as ROI (Saleh et al., 2009). This is balanced 

by a need to ensure the design is correct for now, ensuring products are competitive and resource 

efficient, fitting within limited specifications. Banerjee and de Weck (2004) explore the conditions 

upon which value or optimal performance can be delivered in systems engineering by applying 

alternative valuation methods. They briefly discuss the particular needs of civil architecture to deliver 
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‘extensionality’ or the need for the system to be scaled up significantly if future requirements 

demand this, with the initial design encompassing elements to achieve such expansion. 

 

Incorporating flexibility into engineering design can support changes in future requirements 

however, this will inevitably introduce a degree of overdesign into the product or system (Ross and 

Hastings, 2005). In the context of refurbishments, margins are thought of as excess which can be 

utilised by designers to meet new requirements (Tackett et al., 2014). De Neufville et al. (2004) 

advocate design options, whereby margins are designed into a system upfront at a comparatively 

low cost in anticipation of future changes or upgrades that can already be foreseen, such as an 

additional floor on a parking garage.  

 

2.8 Summary and gap analysis 

The research questions examine the evidence of oversizing within building services, the causes of the 

overdesign and how these can be mitigated. The aim of the literature review is to gain a 

comprehensive view of the NHS specific context around building services overdesign, and the 

challenges and barriers to hospital energy management and efficiency. To understand the different 

management styles and decision-making processes within hospitals, several research papers have 

investigated the various stakeholders in healthcare. Whilst Mason and Simmons (2014) provide a 

high-level view of both internal and external hospital stakeholders, a granular representation of NHS 

Hospital stakeholders could not be found. A more detailed analysis of hospital stakeholders relating 

to the Andalusian Agency for Healthcare Quality is presented by Reyes-Alcazar et al. (2010). This has 

been modified within Table 2-3 by the thesis author from his knowledge of NHS hospital stakeholders 

in an attempt to bridge the gap.  

 

Decision making in hospitals is described as complex, this leads onto decision tools that are widely 

available, however, the use of these tools within a hospital environment, can be challenging due to 

the complex and multiplicity of stakeholders involved. Several energy management decision tools 

exist and have been analysed (Pohekar and Ramachandran, 2004; Løken, 2007). There is no 

reference, however, within the literature to a decision support tool specifically for the prevention of 

building services overdesign, whilst it is recognised that dynamic modelling software can have a 

positive impact on sizing, the process is complex and costly and rarely applied to existing buildings.  

 

Literature surrounding general energy management on the other hand is profuse, covering topics 

such as energy policy, monitoring and targeting, energy conservation audits; the list goes on. There 

is also a wide range of studies that target energy conservation from a building services perspective, 
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either looking at individual component efficiency or part of system efficiencies (Lu et al., 2005). Two 

papers that are very relevant to the thesis look at the topic of barriers to energy efficiency (Schleich 

and Gruber, 2008; Gupta et al., 2017), and hence provide frameworks that are used in the research 

analysis of barriers, going forward. Interestingly, however, despite these papers looking at many the 

technical barriers, no reference whatsoever is made to overdesign. The impact of buildings and 

building services on energy consumption is a topic of wide discussion (Bilgen, 2014; Shaikh et al., 

2013b; Pérez-Lombard et al., 2008; Grondzik, 2007; Lu et al., 2005). Whilst building services design is 

published widely in industry related guidance documentation, this area is not researched extensively 

in the academic literature. More specifically, the issue of hospital building service overdesign and the 

impact this has on energy efficiency, has very few academic references. Butler (2020) highlights that 

appropriate sizing of HVAC systems through the use of software applications, could support the 

reduction of carbon emissions. Sun et al. (2014) states that HVAC sizing is based on standardised 

procedures that only look at uncertainties during peak demand periods and a choice of safety factor, 

and the practice of ‘defensive sizing’ leads to oversized systems. Importantly, their research focuses 

on quantified uncertainties through the use of ‘real’ weather data and dynamic simulation, rather 

than the standard use of ‘peak demand’ data; whilst a safety factor is also considered as part of the 

sizing computation, no further reference to margins or margin impacts are provided.  

 

The literature on margins ranges from shipbuilding to product design (Stratmann, 2006; Eckert et al., 

2013; Peng and Li, 2021). Margin theory and margins in industry are also examined (Eckert et al., 

2019; Eckert and Isaksson, 2017). Margins within building services design, however, are not well 

understood or cited within the literature, despite this being a significant issue. Uncertainty and risk 

factors associated with energy management and general engineering systems have been researched 

extensively (Neufville et al., 2004; de Weck et al., 2007; Gupta et al., 2017; Cagno et al., 2015) 

although literature in this domain specifically looking at hospital building services, is less common. 

The topic of resilience and redundancy is discussed in detail from a general engineering viewpoint 

(Chen & Crilly, 2014), however, again there very few references in relation to building services. 

Building service ‘requirements’ are examined in some detail (Abhang, 2020; Kamara et al., 2002; Yu 

and Chan, 2010) although it is clear from other research (Bacon, 2014) that huge ‘rule of thumb’ 

estimates are still being widely applied. Procurement barriers in relation to hospital building service 

system is again something this is not widely understood or documented.  

  



 69 

Chapter 3  
The NHS Context  

 
3.1 The NHS structure 

The National Health Service (NHS) covers all state-run health provision by the British state, since its 

inception in 1948, making it a hugely complex structure. Whilst there is no concise definition of a 

complex system (Ladyman and Lambert, 2013), “a complex system is literally one in which there are 

multiple interactions between many different components” (Rind, 1999), making it difficult to predict 

how changes affect a complex system. In complex systems there are often many levels of 

organisation that can be thought of as forming a hierarchy of systems and sub-systems (Simon, 1962). 

The NHS is an example of system of systems (Keating et al., 2003), where multiple semi-independent 

entities interact.  

 

As seen in Figure 3-1, the NHS is a large, complex system with multiple stakeholders. It consists of 

varying structures, many of which have to compete for the limited financial resources available. 

 

 
Figure 3-1. The health and care system from April 2013, NHS System Overview28 

 
28 http://www.nhs.uk/NHSEngland/thenhs/about/Documents/nhs-system-overview.pdf  (Accessed on - 01/03/20) 
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3.1.1 Primary, secondary and tertiary services  

The NHS in England provides care, free at the point of use, for almost 56.4 million people29. The NHS 

is divided into primary care, secondary care, and tertiary care. A brief overview of each care level, 

derived from a mix of online resources are provided below 30 31:  

 
• Primary care: first point of contact for people in need of healthcare, usually provided by 

professionals such as GPs, dentists and pharmacists. Professionals that work in primary care 
are generalists rather than specialists. This involves treating common illnesses, managing 
long term conditions and preventing future ill health through advice, immunisation and 
screening programmes. In the majority of cases, primary care services are based in the 
community. Primary care practitioners can also refer patients on to more specialist services 
provided in secondary, and tertiary care. 

 
• Secondary care: services are usually based in a hospital or clinic, although some services may 

be community based. Services may include planned operations, specialist clinics such as 
cardiology or renal clinics, or rehabilitation services such as physiotherapy. Surgical 
interventions can either be planned (elective) care, such as a cataract operation, or urgent 
and emergency care, such as treatment for a fracture. Secondary care practitioners refer 
patients to more specialist services provided in tertiary care, if required. 
 

• Tertiary care: refers to highly specialised treatment such as neurosurgery, transplants and 
secure forensic mental health services. Tertiary care is provided in specialist centres. 
Consultants in tertiary care centres may have access to more specialised equipment and 
expertise for a patient’s condition. Referrals to tertiary services are usually made by GP’s or 
secondary care professionals following a hospital episode. 
 

A basic diagram illustrating the three modes of care and services provided within each, is shown in 

Figure 3-2. 

Figure 3-2. Care modes and services provided 
 

 
29 NHS Providers – Available on at: https://nhsproviders.org/topics/delivery-and-performance/the-nhs-provider-sector 
(Accessed on 29/10/2021) 
30 NHS England – Available online at: https://www.england.nhs.uk/publication/responsibility-for-prescribing-between-
primary-and-secondary-tertiary-care/ (Accessed online 30/10/2021) 
31 NHS Digital – Available online at: https://digital.nhs.uk/developer/guides-and-documentation/introduction-to-
healthcare-technology/the-healthcare-ecosystem (Accessed on 30/10/2021) 
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3.2 Influences and control of the NHS 

NHS England and NHS Improvement (NHSI) work collaboratively to provide strategic support, 

direction and guidance to the NHS. NHS England is an independent body whose main role is to set 

the priorities and direction of the NHS, whilst at the same time improving health and care across 

England. NHS England is responsible for commissioning NHS primary services such as GPs, 

pharmacists and dentists32. NHSI is responsible for overseeing NHS foundation Trusts, NHS Trusts and 

independent providers33, but has no direct management jurisdiction over the day-to-day running of 

hospital Trusts.  

 

The NHS is influenced by internal and external drivers of change, with public accountability and 

responsibility coupled with a private-sector necessity to increase value, decrease costs and ensure 

efficiency (Shiell et al., 2008). Being state run the NHS is subject to frequent politically motivated 

changes. A continued stream of target-driven objectives and structural changes has shaped its 

present form. In many cases, patient experience targets, such as Accident and Emergency waiting 

times, have driven improvements and service delivery34. The care of patients and quality of clinical 

outcomes are heavily monitored through the Care Quality Commission (CQC). However, the role of 

the CQC does not extend to legislative targets relating to climate change or carbon reduction35. An 

important organisation unit within the NHS are NHS Trusts, that operate and control the hospitals.  

 

NHS Trusts are complex systems in their own right. The thesis focusses on the energy management 

system which is itself a complex system. Hospital Trusts are driven by local provisional need; requiring 

an ability to maintain functionality during times of emergency, whilst, also planning for increasing 

service use as demographic and climate changes impact. There is a large variation in NHS hospital 

building stock in its geographic location, orientation and construction and the bespoke nature of 

building services. Hospitals in England are managed by Acute Trusts some of which already have 

gained Foundation Trust status. Acute Trusts ensure hospitals provide high-quality healthcare and 

that they spend their money efficiently36. 

 

The interacting components of a non-specific, Hospital Trust energy system and its ability to control 

the varying influences on its energy management, is illustrated in Figure 3-3. The figure has been 

 
32 NHS England – Available online at: https://www.england.nhs.uk/about/about-nhs-england/ (Accessed on 25/10/2019) 
33 NHS Improvement – Available online: https://www.england.nhs.uk/wp-
content/uploads/2019/09/NHS_Improvement_2017_18_highlights.pdf (Accessed on 25/10/2019) 
34 White, V (2014) Panorama: A Week in A&E: Condition Critical (Programme online) BBC (Accessed on 23/03/14)   
35 Care Quality Commission: http://www.cqc.org.uk/ (Accessed on 28/03/17) 
36 The NHS in England. Available online: http://www.nhs.uk/NHSEngland/thenhs/about/Pages/authoritiesandtrusts.aspx 
(Accessed on 28/02/2018) 
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developed based on the authors knowledge and experience of NHS hospital governance factors and 

energy systems corroborated by the case studies described in Chapter 5 and the energy manager 

workshops presented in Chapter 7; it applies a clear divide between governance elements and energy 

system influences. Lined arrows denote the direction of the controlling force, some of which are bi-

directional and therefore represent control influence, to and from, both elements. Lines without 

arrows denote a linkage only, void of any control element.  

 

 
Figure 3-3. The complex energy system of a NHS Hospital Trust 

 

3.2.1 Central reporting of NHS energy use 

The NHS Sustainable Development Unit (SDU) was funded by the NHS in 2008 and now Public Health 

England. It first focused on reducing the carbon footprint of the NHS, and increasingly broadening its 

approach to a wider sustainability agenda, such as governance and staff engagement37. The unit 

obtained annual reports from Trusts and NHS organisations about their estate, including information 

about energy consumption and internal strategic documents to underpin investment decisions. The 

SDU morphed into NSH England and NHSI during 2020 to deliver the Greener NHS, National 

Programme38. 

 

 
37 The NHS, Sustainable Development Unit. Available online: www.sduhealth.org.uk (Accessed on 18/02/2014) 
38 The Greener NHS – Available online at: https://www.england.nhs.uk/greenernhs/ (Accessed on 15/12/2021) 
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Some information reported by Trusts and NHS organisations is also collected through the 

Department of Health (DoH) database, known as Estates Return Information Collection (ERIC)39; this 

database holds extensive building and energy consumption data that is reported annually by hospital 

Trusts. Detailed information about the take-up and implementation of energy reduction technologies 

and investment is not reported centrally, and external audits of on-going environmental 

improvements are not required, thus resulting in a significant data and knowledge gap in this area. 

 

3.2.2 Energy management in the NHS 

Energy management structures within the NHS vary considerably between organisations. Whilst 

some hospital Trusts employ a full-time energy manager, others share the energy management 

function across several staff members, thereby giving no one person ultimate responsibility of this 

important role. Some energy managers have no formal energy management training and little 

experience; others are highly skilled. Energy management roles are also often subcontracted to 

external consultants, including the author’s consultancy. Energy data collected across the NHS varies 

in quality from organisation to organisation. Many Trusts make use of Building Management Systems 

(BMS); however, their use within organisations is variable. These automated systems allow users to 

quickly analyse data and address variances in consumption. An understanding of occupancy and use 

can lead to better models with which to design refurbishment or new builds (Caixeta and Fabricio, 

2013). Bacon (2014) has explored this in detail basing the design of a new healthcare department on 

occupancy analytics, however how risks and uncertainty are included in this approach is unclear. 

Other healthcare discussions are around provision for flexibility of service with consideration of 

longer-term trends, such as moves towards home or community-based services40.  

 

3.2.3 Healthcare guidance documents  

The Department of Health specifies a wide range of technical information known as the Health 

Technical Memorandum Series (HTMs)41. The information here is wide-ranging, covering multiple 

subjects from infection control to parking and travel. Importantly, this series also provides guidance 

on building service system design and operation, specifically in areas such as ventilation, water and 

electrical systems. This is coupled with on-going policy guidance that explains the healthcare system 

 
39 NHS ERIC Database – Available online at: https://digital.nhs.uk/data-and-information/publications/statistical/estates-
returns-information-collection (Accessed on 13/12/2021) 
40 CleanMed Europe, 2013 Conference, Cambridge. 
41 Health Technical Memorandum. Available online: https://www.gov.uk/government/collections/health-technical-
memorandum-disinfection-and-sterilization (Accessed on 13/07/2014) 
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and the political changes relating to NHS governance, particularly the major changes that have 

occurred over the last four years42. The Building Research Establishment (BRE) has developed the 

standard BREEAM to assess the sustainability of buildings. Working with the NHS they developed 

BREEAM Health to specifically assess the quality of NHS building infrastructure, new builds and 

retrofit projects43. 

 

3.3 NHS buildings 

NHS estate covers a floor area of 24 million cubic metres for all buildings, including hospitals and 

other clinical facilities across the UK (Tennison et al., 2021). When compared against other building 

types in Figure 3-4, it becomes clear how significant hospital carbon emissions are when compared 

to the number of buildings owned (Godoy-Shimizu et al., 2011). This is predominantly due to the high 

energy-intensity use of medical equipment and building services plant within hospital buildings. 

Extended occupancy hours are also a contributing factor. Clinical decisions continue to be prioritised 

as recent research shows, “redesigning hospital spaces is very much on meeting technical 

requirements while achieving the best possible clinical environment, and this usually receives budget 

priority” (Eckert et al., 2012). 

 

 
Figure 3-4. DEC Building Data Summary: building types and total annual CO2 emissions 

(Godoy-Shimizu et al., 2011) 
 

 
42 Department of Health publications. Available online: https://www.gov.uk/government/publications/the-health-and-
care-system-explained  (Accessed on 14/07/2014) 
43 BRE Healthcare. Available online: http://www.bre.co.uk/page.jsp?id=347  (Accessed on 18/07/2014) 
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A significant research project, known as Design and Delivery of Robust Hospital Environments in a 

Changing Climate (DeDeRHECC), evaluated the range of hospital building stock in order to model 

energy demand and future retrofit options. The research states that “the installation of mechanical 

cooling in existing hospitals appears to be the inevitable recommendation from NHS patient safety 

risk assessments but the carbon implications would undermine the NHS Carbon Reduction Strategy” 

(Short et al., 2012). The research concentrated on retrofit options for three major building types: 

 

• Nightingale wards: pre NHS, Victorian built hospital wards that contains one large room 
without subdivisions for patient occupancy.  
 

• ‘matchboxes on muffins’; an early NHS hospital design comprising of a ward tower set on a 
wider, lower block of accommodation. 
 

• 1970’s nucleus courtyard low-rise buildings44. 
 

“In England, 22% of National Health Service (NHS) acute hospital buildings pre-date 1948 and on 

some sites the majority of wards are of this type” (Lomas et al., 2012). DeDeRHECC identified how 

incremental changes to buildings have lessened their energy performance. For example, in the 1990’s 

many windows in NHS hospitals were, for health and safety reasons, fitted with restrictors that 

allowed a maximum opening of 100mm. This had the subsequent effect of significantly reducing user 

operated ventilation options, adding to the current concerns of over-heating as the climate warms. 

This was evidenced through using dynamic thermal simulation modelling during the DeDeRHECC 

research, whereby hospitals with fully openable windows were found to be more resilient to 

overheating (Short et al., 2010; Lomas et al., 2012)45. 

 

3.3.1 Private Finance Initiative (PFI) or retained building ownership 

Since the formation of the NHS in 1948, the size and location of the majority of hospitals has been 

driven by what existed, rather than rational estate planning. On inception, the NHS was a mix of 

approximately 3,000 hospitals, run by local authorities and voluntary organisations, and it was 

envisaged that these buildings would provide the mainstay of hospital provision to the populations 

they served (Ministry of Health, 1962). The original estate was in poor condition and required 

substantial injection of capital and revenue expenditure. In 1962 a 10-year hospital plan was 

developed for England and Wales. 

 

 
44 DeDeRHECC video. Available online: http://sms.cam.ac.uk/media/1446036  (Accessed on 12/03/2014) 
45 DeDeRHECC video. Available online: http://sms.cam.ac.uk/media/1446036  (Accessed on 12/03/2014) 
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This plan founded the current network of district general hospitals and was supported by an increase 

in Government funding for hospital building projects (Naylor, 2017). The plan, however, 

underestimated the costs, time and resources that were required to build a new network of hospitals, 

and therefore, many of the smaller original general hospitals continued to operate. With the 

introduction of the 1990 NHS Community Care Act46 there was a shift in policy that promoted a move 

to more autonomous local NHS organisations; this significantly reduced the scope for estates 

planning on a national level. The 2000 NHS Plan introduced the ‘100 new hospitals’ building 

programme, supported by £7bn of capital investment through an extended role for the Private 

Finance Initiative (PFI) (Naylor, 2017). 

 

PFI is used where there is a significant investment required to build an asset, followed by ongoing 

service requirements. Besides hospitals, PFI agreements have been used to build schools, roads and 

prisons47. The typical duration of a PFI contract between public and private sector organisations is 25 

to 30 years, but in the case of some hospitals can last up to 60 years (Gaffney et al., 1999). The PFI is 

a collaboration of equity investors, management service companies and contractors that finance, 

design and build, new or significantly upgrade public healthcare facilities. The PFI consortium 

stakeholders (e.g. Serco, Skanska) also provide the facilities management (FM) service requirements 

of the building over the duration of the contract period (Hellowell and Pollock, 2009). 

  

Some NHS Trusts operate from a single hospital site, other large Trusts operate over multiple sites 

within a given geographic region. Even on a single site, the building stock could be made up of 

retained buildings only, PFI buildings only, or a mix of both.  There has been a mixed legacy for PFI 

within the NHS. The initiative has provided a huge injection of much need capital finance that has 

facilitated the design and construction of many new hospital facilities, facilities that would have 

otherwise not been built. Between 1980 and 1997 only seven public schemes costing more than 

£25m were completed (Gaffney et al., 1999), compared to 34 hospitals built between 1997 and 2003, 

as a result of the PFI contract structure (Roe and Craig, 2004). The total uptake of PFI projects within 

the UK prior to May 2010 was reported to have a capital value of £50.6 billion, with an average of 55 

contracts being signed each year between 1997 and 2010. Between May 2010 and 2019 a further 84 

PFI contracts were signed totalling £8.4 billion (HM Treasury, 2019). 

 

 
46 The 1990 NHS Community Care Act – Available online at: https://www.legislation.gov.uk/ukpga/1990/19/contents 
(Accessed on 21/07/21) 
47 Health and PFI Arrangements – Available online at:  https://navigator.health.org.uk/theme/private-finance-initiative-
pfi-schemes (Accessed on 18/07/21) 
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This clear decline of PFI projects in later years was predominantly due to concerns and criticism 

relating to PFI contract payment terms involving long term, at a high rate of interest payments, 

increasing the long-term debt to be paid for by future UK taxpayers (The Health Foundation, 2021). 

Roe and Craig (2004) point out that “government can borrow money at lower interest rates than 

private sector companies, and that as private companies need to make a profit, PFI projects must 

inevitably be more expensive than those undertaken in the public sector”. ‘The Guardian’ report that 

the PFI project of Calderdale Royal Hospital in Yorkshire at £64.6m will cost Calderdale and 

Huddersfield NHS Foundation Trust a total of £773.2m48. Increased costs of PFI payment affects the 

quality of health care through extensive hospital closures and reductions in services (Gaffney et al., 

1999). 

  

Under PFI the private sector owns and operates services within the building (Roe and Craig, 2004), 

which affects energy management. NHS Trusts that occupy PFI owned buildings are responsible and 

accountable for the energy consumed within those buildings. It is therefore in the Trusts own interest 

to adopt certain energy efficiency measures within the building to reduce costs and associated 

Carbon emissions (Zhivov et al., 2011; Trianni et al., 2014). This links closely to the investor/user 

dilemma (Schleich and Gruber, 2008), see section 2.2.2: the PFI has no incentive to invest in energy 

efficiency technologies as it is not responsible for the building energy costs; and conversely, the 

hospital Trust has no jurisdiction over implementation of any energy efficiency measures that could 

effectively be applied to the hospital building. 

 

Besides the investor/user dilemma implementation costs are another barrier because energy 

conservation measures (ECMs) adopted are facilitated through PFI contract variations, and hence are 

subject to long-term capital repayments that include risk factors such as political, economic and 

policy influences (Boussabaine, 2007). Transactional costs are also an important barrier within PFI 

arrangements, specifically, these include the costs to prepare, negotiate, manage and enforce legally 

binding PFI contract variation documents (Henjewele et al., 2014). Transaction costs can be 

independent of investment size making them relatively less severe the greater the investment (Hein 

and Blok, 1995; Bieniek, 2000); others deny any such logical relationship (Ostertag, 2002). 

 

 
48 The Guardian – PFI News Article. Available online at:  https://www.theguardian.com/politics/2012/jul/05/pfi-cost-
300bn (Accessed on 23/07/2021) 
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3.4 NHS funding mechanisms 

NHS organisations have a variety of funding options at their disposal when purchasing new or 

replacement building services equipment, although by far the primary source of funding is capital 

finance taken from general taxation which is supplemented by National Insurance Contributions 

(NICs) (Hawe and Cockcroft, 2013). Research has shown that if “access to the capital market is 

constrained, the allocation of funds within an organisation becomes even more important” (Schleich 

and Gruber, 2008). They further state that additional to financial investment criteria, such as payback 

periods, there is a tendency for “soft factors such as the status of energy efficiency, reputation, or the 

relative power of those responsible for energy management within the organisation” (Sorrell et al., 

2004) to be heightened. The Department of Health and Social Care (DHSC) budget is split into two 

overarching categories: 

  

• The capital budget: investment in buildings, infrastructure (including backlog maintenance 

and repairs to buildings and facilities) and medical equipment such as CT and MRI scanners 

 

• The revenue budget: day-to-day operational cost that includes salaries, medicines, 

administration and energy49.  

 

Capital expenditure accounted for 5% of the total NHS budget in 2018/19 at a cost £5.9 billion (DHSC, 

2019). Requests for capital finance are submitted to the Department of Health each year by individual 

NHS organisations along with supporting data, funds are then allocated on an annual cycle, from April 

through to March (DHSC, 2019). 

 

The NHS also have several funding options targeted to reducing energy consumption and mitigate 

the effect of climate change: 

 

• NHS Energy Efficiency Funds (NEEF)50  in 2013 and 201851 (targeted at LED lighting). The initial 

2013 fund of £49.3m aimed at investing to release funds for frontline patient services 

(Department of Health, 2015). A total application value of £200m revealed a latent demand 

for energy efficiency improvements across the NHS (Department of Health, 2015). 117 

 
49 The Kings Fund - Capital investment in the NHS – Available online at: https://www.kingsfund.org.uk/projects/nhs-in-a-
nutshell/nhs-capital-investment (Accessed on 30/07/21) 
50 NHS Energy Efficiency Fund – Available online at: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/429059/EEF_report
__1_.pdf (Accessed on 30/07/21) 
51 NHS Energy Efficiency Fund for LED Lighting – Available online at: https://www.england.nhs.uk/2018/10/provider-
bulletin-17-october-2018/#efficiency-fund-LED-lighting (Accessed on 30/07/21) 
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energy efficiency projects reduced entire 2012 NHS building energy related carbon footprint 

by 2.4% (Department of Health, 2015). The author’s experience of the funding programme 

from the perspective of an independent engineering consultant, supporting three NHS Trusts 

with funding applications and post funding progress reporting was that no standardised 

energy-saving calculation methodologies were requested as part of application process, 

therefore a reliance on ‘rules of thumb’ to calculate potential savings were applied. It was 

also apparent that many Trusts procrastinated on the submission of their funding 

application, creating time pressures that subsequently required quick conclusions about 

large project schemes, therefore necessitating brevity from decision-makers and limiting 

their ability to evaluate a full range of options, which resulted in poor planning and design, 

of the systems installed (Jones, 2014). 

 

• Salix Finance offer interest free UK Government loans for new, or replacement aged building 

service systems and energy efficient technologies52. As of March 2020, Salix has funded 

projects valued at £971 million. 

 

• Public Sector Decarbonisation Scheme (PSDS) replaced Salix in 2021 of totalled £1bn support 

for organisations to reduce their reliance on fossil fuels through building retrofit technologies 

such as LED lighting, improved controls and electric heat pump systems.  This was followed 

up in 2021 with the release of a second Phase 2 PSDS fund of £75m53. During Phase 1 33 NHS 

Trust organisations and public sector organisations were awarded grants for energy 

efficiency and heat decarbonisation projects54, during Phase 2 a further 9 NHS Trusts were 

allocated funds55. 

 

As with the NEEF, timeframes for PSDS project implementation were tight, requiring project design, 

procurement and installation within a matter of just a few months, as illustrated in Figure 3-556. This 

 
52 Salix Loans Eligibility Requirements – Available online at: 
https://www.salixfinance.co.uk/sites/default/files/England_Application_Notes_Oct19.pdf (Accessed on 2/08/2021) 
53 PSDS Fund – Available online at: https://www.gov.uk/government/publications/public-sector-decarbonisation-scheme-
psds (Accessed on 30/07/21) 
54 PSDS Phase 1 Grant Recipients – Available online at: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1002749/psds-
phase-1-grant-recipients.pdf (Accessed on 2/08/2021) 
55 PSDS Phase 2 Grant Recipients – Available online at: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1005549/psds-
phase-2-grant-recipients.pdf (Accessed on 2/08/2021) 
56 PSDS Time Frames – Available online at: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/976192/psds-
timeline-phases-1-2.pdf (Accessed on 2/08/21) 
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resulted in a number of NHS Trusts declining the offer of grant funds, due to their inability to meet 

the required project timeframes. 

 

 
Figure 3-5. Public Sector Decarbonisation Scheme timescales 2020 – 2022. 

Source: Department for Business, Energy and Industrial Strategy (BEIS) 2020. 
 
 

3.4.1 Third party finance - energy performance contracting 

Energy Performance Contracts (EPCs) are a mechanism by which hospital organisations can facilitate 

a costed solution to retrofit existing buildings with energy saving and energy generation measures, 

thereby improving the energy performance of their buildings and achieving substantial cost savings. 

Costs savings generated by the scheme are guaranteed by the Service Provider, known as an Energy 

Service Company (ESCO) (Department of Energy and Climate Change, 2015), offer comprehensive 

energy-related outsourcing services, such as maintenance, financing, installation, operation, and risk- 

transfer methods, mostly related to energy efficiency measures (Li et al., 2014; Sorrell, 2007). There 

are broadly three major types of EPC contracts available (Deng et al., 2015a; Deng et al., 2015b; Li et 

al., 2014; and Shang et al., 2015): 

 

1. Energy Saving Guarantee (ESG): This is where the ESCO guarantees a quantity of energy 

savings and reimburses any shortfalls below this level to the client, during the lifetime of the 

contract. Energy savings over and beyond the guaranteed level, are then shared between the 

ESCO and the client, at a predetermined rate. This model, however, only normally applies 

where the customer has financed the project from its own internal funds, or from a third 

party such as a financial institution. 
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2. Energy Saving Benefits Sharing (ESBS): The ESCO and client share energy savings from energy 

invoices at a negotiated rate. There is no guaranteed level of energy savings and both parties 

share investment costs, at a predefined rate. 

 

3. Energy Expense Entrusted (EEE): The client is charged a service fee by the ESCO to finance, 

implement, and operate the complete energy system, including the energy efficiency 

measures. If the energy savings from this model are higher than the predetermined level, the 

ESCO is not able to gain any additional benefit. 

 

Lee et al. (2016) emphasise that the installation of energy efficient cooling systems can yield 

significant energy savings, however, due to variations in weather conditions, particularly in sub-

tropical or temperate climates, the scope of actual energy savings can sometimes be uncertain. These 

uncertainties are mitigated by increased risk premia at the project bidding stage, or to lower 

guarantee on energy savings. Despite the risks, EPCs are attractive as the ESCOs provides the upfront 

capital for project implementation (Larsen et al., 2012) and thereby carries the performance risk 

(Masaaki et al., 2008). As part of the requirements of the EPC terms, energy savings are monitored 

and calculated annually based on the post-retrofit conditions; this is very often undertaken by way 

of the International Performance Measurement and Verification Protocol (IPMVP) (ASHRAE, 2002). 

 

3.5 Energy and the NHS 

Hospitals are failing to achieve their expected energy performance (Bacon, 2014). This not only 

represents unnecessary expenditure, but other lost opportunities: energy-efficient buildings often 

provide better conditions for patients and staff; better control of energy usage enables NHS Trusts 

to comply with mandatory targets and legislative requirements; and positive action to reduce energy 

use can help engage with stakeholders and the local community. 

 

3.5.1 Energy strategies, policies and targets 

In 2008, the UK Parliament passed the Climate Change Act into law57. The Act puts in place a 

framework to achieve a mandatory 80% cut in the UK's carbon emissions by 2050, against a 1990 

baseline, with an intermediate target of between 26% and 32% by 202058. With its passing the United 

 
57 Climate Change Act 2008, 27 – Available online: http://www.opsi.gov.uk/acts/acts2008/pdf/ukpga_20080027_en.pdf  
(Accessed on 26/05/21) 
58 The Climate Change Act, introductory text – Available online: http://www.legislation.gov.uk/ukpga/2008/27/contents  
(Accessed on 26/05/2021) 
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Kingdom became the first country in the world to set such a long-range and significant carbon 

reduction target into law, or to create such a legally binding framework. In 2009, the NHS pledged to 

adhere to the legislation through the Saving Carbon, Improving Health strategy (NHS Sustainable 

Development Unit, 2009). 

 

In June 2019 the UK became the first major economy in the world to pass laws to end its contribution 

to global warming by 205059. The target will require the UK to bring all greenhouse gas emissions to 

‘net zero’ by 2050, compared with the previous target of at least 80% reduction from 1990 levels. An 

interim reduction target of 78% by 2035 from 1990 levels, was also set. Further to the ambitious 

2050 target, on the 1st October 2020 the UK Government announced a further expansion of this 

commitment in respect to the NHS, intending to reach the target a decade earlier, with an aim to be 

the world’s first net zero national health service60.  

 

Two clear targets emerge for the NHS net zero commitment; this is somewhat caveated in an NHS 

document entitled ‘Delivering a ‘Net Zero’ National Health Service’ by the words “based on the scale 

of the challenge posed by climate change, current knowledge, and the interventions and assumptions 

that underpin this analysis” (NHS England and NHS Improvement, 2020)61, two targets are: 

 

• For the emissions the NHS control directly (the NHS Carbon Footprint), net zero by 2040, 

with an ambition to reach an 80% reduction by 2028 to 2032. 

• For the emissions the NHS can influence (the NHS Carbon Footprint Plus), net zero by 

2045, with an ambition to reach an 80% reduction by 2036 to 2039. 

 

Research across different sectors both in the UK and abroad, has shown that the right regulations 

support investment decisions in energy efficiency measures (Bell, 2004). Underpinning regulation 

with quality standards, such as those delivered in “energy audits, templates for audit reports or 

mandatory monitoring of energy audits” is also key in ensuring measurable improvement (Fleiter et 

al., 2012).  

 

 
59 UK Net Zero by 2050 – Government news story available online:  https://www.gov.uk/government/news/uk-becomes-
first-major-economy-to-pass-net-zero-emissions-law (Accessed 2/04/2021) 
60 NHS, Net zero commitment by 2040 – Available online: https://www.england.nhs.uk/2020/10/nhs-becomes-the-
worlds-national-health-system-to-commit-to-become-carbon-net-zero-backed-by-clear-deliverables-and-milestones/ 
(Accessed online 2/04/2021) 
61 Delivering a ‘Net Zero’ National Health Service – Available online: https://www.england.nhs.uk/greenernhs/wp-
content/uploads/sites/51/2020/10/delivering-a-net-zero-national-health-service.pdf (Accessed on 27/05/2021) 



 83 

In the UK, newer legislative frameworks provide elements of outcomes, which relate to future risk 

assessments and social value but do not explicitly cite climate change or energy reduction targets as 

their main focus. The Public Services (Social Value) Act 2012 requires “commissioners and procurers 

to consider how/what is to be procured may improve social, environmental and economic wellbeing 

of the relevant area during the pre-procurement stage” (NHS Sustainable Development Unit, 2013). 

Furthermore, the Civil Contingencies Act 2004 requires all public organisations to assess future risk 

and assure emergency preparedness, this includes risks associated with future climate change 

(Cabinet Office, 2022). 

  

Best practice guidance comes from the technical institutes for specific technologies, such as the 

Chartered Institute of Building Services Engineers (CIBSE). Guidance here relates to specific plant 

items and explains how to optimise infrastructure primarily for energy efficiency62. These are industry 

standards and applicable to a range of settings. 

 

3.5.2 Energy compliance requirements in the NHS  

Many legislative requirements are placed on the NHS in relation to energy management. These 

requirements include the need to undertake Display Energy Certificates (DEC’s) and associated 

Advisory Reports (AR’s)63, these are required across all public sector buildings, together with Energy 

Performance Certificates (EPC’s) and periodic Air Conditioning Inspections64 all of which fall under 

the Energy Performance of Buildings Directive65. In addition, Government energy efficiency schemes 

such as the Carbon Reduction Commitment (CRC)66 and the European Union, Emissions Trading 

Scheme (UK-ETS)67 provide a financial incentive to organisations through the reduction of energy use. 

The Carbon Reduction Commitment (CRC) scheme was implemented in 2008 and commenced in 

2010. It required the majority of NHS organisations to “reduce their carbon dioxide (CO2) emissions 

through energy efficiency”68. This scheme had been a major driver of energy reduction investment 

within the NHS. Bacon (2014) argues that hospitals are “failing to achieve the performance required 

by the UK Government’s CRC and this calls in to question how improved performance can be achieved 

 
62 CIBSE Knowledge Portal – Available online at: https://www.cibse.org/knowledge (Accessed on 27/05/2021) 
63 Display Energy Certificates, source online at: https://www.gov.uk/government/publications/display-energy-certificates-
and-advisory-reports-for-public-buildings (Accessed on 1/03/2021) 
64 Statutory Air Conditioning Inspections, source online at:  https://www.gov.uk/government/publications/air-
conditioning-inspections-for-buildings (Accessed on 1/03/2021) 
65 Energy Performance of Building Directive (EPBD), source online at: 
https://www.legislation.gov.uk/uksi/2012/3118/memorandum/contents (Accessed on 10/03/2021) 
66 The CRC Energy Efficiency Scheme, source online at: https://www.gov.uk/government/collections/crc-energy-
efficiency-scheme (Accessed on 25/02/2018) 
67 UK-ETS, source online at: https://view-emissions-trading-registry.service.gov.uk/ (Accessed on 30/12/2021) 
68 CRC Energy Efficiency Scheme. Available online: http://www.environment-
agency.gov.uk/business/topics/pollution/126698.aspx  (Accessed on 09/08/2014) 
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by improved asset specifications alone”. Despite an increase in efficiency, the NHS has increased its 

carbon footprint by 40% since 1990. Hence “there is now clear evidence that demonstrates that UK 

hospitals are failing to achieve the performance required by the UK Government’s CRC” (Bacon, 2014). 

The 5.5% reduction in CO2 emissions between 2007 and 2012 (NHS Sustainable Development Unit, 

2013) was woefully short of the necessary targets. The CRC scheme came to an end in April 2019.  

 

In 2019 the UK saw an amendment to the Climate Change Act 2008 increasing carbon reduction from 

at least 80% to at least 100% by 2050 to meet a ‘net zero’ position69, from a 1990 baseline (see section 

3.5.1). In 2020 the NHS introduced the ‘Green Plan’ that sets out four key objectives: to deliver on 

the NHS Long Term Plan70, to improve the health of the local community, to achieve its financial goals 

and to meet its legislative requirements (NHS England and NHS Improvement, 2021). 

 

3.5.3 Breakdown of UK and hospital energy consumption 

In 2019 the UK’s primary energy consumption was 142.0 million tonnes of oil equivalent (Mtoe)71. 

As seen in Figure 3-6, UK energy consumption is broken down into four broad categories: industry, 

transport, domestic and service. 

 

 
Figure 3-6. Final energy consumption, 1990 to 2019 – UK National Statistics 2020 

 
69 The Climate Change Act 2008 (2050 Target Amendment) Order 2019. Available online: 
https://www.legislation.gov.uk/ukdsi/2019/9780111187654 (Accessed online 20/04/20) 
70 The NHS Long-term Plan. Available online: https://www.england.nhs.uk/long-term-plan/ (Accessed online 20/04/20) 
71 Department for Business, Energy & Industrial Strategy, UK energy in brief 2020 - Available online: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/904503/UK_Energy
_in_Brief_2020.pdf (Accessed online 23/05/21)  
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Table 3-1 shows a further breakdown of these categories providing energy consumption relative to 

specific energy source, during 2019. 

 
Table 3-1. Breakdown of final UK energy consumption during 2019 – UK National Statistics 2020 

 

 
 

Services collectively represent 15% of the total UK energy consumption, and this is made up of 10 

broad sectors, which include: Arts Leisure and Community, Education, Emergency Services, Health, 

Hospitality, Military, Offices, Retail, Storage and Agriculture. These sectors and their corresponding 

energy consumption for 2019 is further broken down into: Heating, Hot water, Cooling & 

Humidification, Fans, Lighting, Catering, Small power, ICT equipment, Cooled storage and Other in 

Figure 3-7. Data informing this chart has been collected from multiple sources and is based on final 

energy consumption data sets published in 2020 by the Office of National Statistics (UK). 

 

 
Figure 3-7. Service sectors and their corresponding energy consumption during 2019 
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From the perspective of the research of this thesis, it is the Health sector of the UK energy 

consumption that is of particular interest; this accounts for 1.71% of the UK’s total energy 

consumption. Health is made up of three sub-sectors relative to Government energy reporting: 

Health centres, Hospitals and Nursing homes. Figure 3-8 provides a breakdown of energy use within 

Health ‘sub-sectors’; the bar graph clearly highlights the fact that hospitals are by far the greatest 

energy consumers overall, accounting for 90% of the total ‘Health’ sector energy footprint. This 

equates to over 1.5% of the total UK energy footprint, relative to 2019. As seen from the detailed 

breakdown of energy use by activity, it is particularly important to note that building service systems 

that provide heating, hot water, cooling, ventilation and lighting consume greater than 75% of all 

energy consumed within hospitals; this provides some strong context as to the level and potential 

impact of the research of this thesis, given the key focus on building services, and hence the 

importance of effective building services specification, design, installation and ongoing optimisation. 

For clarity, the energy consumption relative to hospitals illustrated within Figure 3-8 only represents 

energy use directly consumed within the hospital buildings, hence, it should be noted that energy 

consumption associated with health-related transport, supplies and external services are accounted 

for under industry and transport statistic sets.  

 

 
 

Figure 3-8. Health sub-sectors and their corresponding energy consumption during 2019 
 

In order to provide context as to the impact of Healthcare emissions Globally, the carbon footprint 

relative to Healthcare is 4.4% of total Global carbon dioxide (CO2) emissions; within the UK, the 

National Health Service (NHS) accounts for 5.4% of the UK’s total CO2 emissions (Bawden, 2019). In 

2019, the health service’s emissions totalled 25 mega-tonnes of carbon dioxide equivalent (MtCO2e), 



 87 

a reduction of 26% since 1990, and a decrease of 64% in the emissions per inpatient finished 

admission episode (Tennison et al., 2021). Of the 2019 footprint, 62% came from the supply chain, 

24% from the direct delivery of care, 10% from staff commute and patient and visitor travel, and 4% 

from private health and care services commissioned by the NHS (Tennison et al., 2021). 

 

3.5.4 Building energy performance – NHS hospitals 

A Health Technical Memorandum (HTM), HTM 07-02, required NHS organisations to deliver building 

energy efficiency savings of 15%, or 0.15 MtC between March 2000 and March 2010 (Carbon Trust, 

2006). It was amended in 2015 to include wider sustainability concerns (Department of Health, 2015). 

HTM 07-02 also commits to achieving a target of 35–55 GJ/100m3 energy performance for all new 

capital development and 55–65 GJ/100m3 for the refurbishment of existing facilities. “Energy use in 

hospital buildings produce a significant proportion of these emissions on heating and lighting alone” 

(Short et al., 2010). Published data from the SDU revealed that the carbon footprint of the NHS in 

England for 2012 was 25 MtCO2e. As seen from (section 3.5.3), the NHS total carbon footprint during 

2019 remained at the same levels as those reported in 2012, although reporting boundaries are 

understood have changed during the period (Tennison et al., 2021). 

 

3.5.5 Hospital building energy – by end use 

Figure 3-9 illustrates that during 2012, 17% of the total NHS carbon footprint resulted from building 

energy use for lighting, heating and power; this energy proportion represents a carbon dioxide 

equivalent of 4.07 MtCO2e 72. 

 
Figure 3-9. Breakdown of the NHS Carbon Footprint, 2012 

Source: SDU – Carbon Footprint update for NHS England 2012 

 
72 SDU – Carbon Footprint update for NHS England 2012. Available online at: 
http://www.sduhealth.org.uk/documents/Carbon_Footprint_summary_NHS_update_2013.pdf  (Accessed on 
15/04/2014) 
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In 2020 the NHS published a document ‘Delivering a ‘Net Zero’ National Health Service’. The 

document provides a breakdown of carbon emissions by use, across all emission domains and by 

percentage proportion.  

 

As seen from Figure 3-10 building energy consumption represents 10% of the total NHS carbon 

footprint (NHS England and NHS Improvement, 2020).  

 
Figure 3-10. Sources of carbon emissions by proportion of NHS carbon footprint 

Source: NHSI, Delivering a ‘Net Zero’ National Health Service’ 
 
 

Multiple energy sources are used by the NHS. Fossil fuels, primarily gas, but sometimes oil or coal is 

used for space heating, the generation of domestic hot water (DHW) and cooking; on some hospital 

sites, fossil fuels are also used to generate electricity via CHP units. Electricity is used extensively to 

power engineering building services, communications and IT equipment, hospital medical equipment 

(i.e. scanners, infusion units, sterilisers etc.) and numerous other electrical appliances. The Carbon 

Trust states in its 2010 guide for hospitals ‘Healthy budgets through energy efficiency’ that “with the 

increased use of specialist medical equipment that generally relies on electricity, consumption is set 

to increase” (Carbon Trust, 2010). However, current miniaturisation of medical equipment and 

increased use of telemedicine could reverse this trend. 

 

3.5.6 Energy provision 

The majority of energy supplied to the NHS is provided via grid generated electricity and fossil fuels 

for heating, with the remainder provided by on-site combined heat and power plant (CHP) 
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(Department of Health, 2006). CHP plant recovers waste heat when electricity is generated and uses 

it to create hot water or steam (Fragaki et al., 2008). This is then used for space heating, domestic 

hot water (DHW), or to supply dehumidifiers or chilled water for air conditioning, via an absorption 

chiller. The number of CHP plants operating on NHS sites declined from 118 units in 1999/2000 to 

104 units in 2004/05 (Department of Health, 2006). This decline was predominantly due to the 

operating economics of the CHP plant during the later period, whereby greater increases in fossil 

fuels costs, compared to that of electricity, became unfavourable. These CHP plants supplied 

approximately 5.5% of the total energy consumed by the NHS. More recent data suggests that CHP 

numbers have increased since 2005, and these currently generate approximately 7% of all electricity 

consumed by NHS buildings (NHS Sustainable Development Unit, 2009). Since 2009, the NHS stopped 

reporting on CHP related data. 

 

When fossil fuel is burnt at a power station to produce electricity, less than one third of its energy 

content is delivered to the end user as useful power, this is due to system inefficiencies and power 

distribution losses; hence the process is inherently inefficient (Hinnells, 2008). Acute healthcare 

facilities are ideal candidates for CHP systems because they function 365 days a year, 24/7, and 

require round-the-clock heat and electricity. CHP systems can therefore assist hospitals to reduce 

energy costs, improve environmental performance, and increase energy reliability through local 

utilisation of waste heat, and reduced distribution losses. It is worth noting, however, that due to the 

technical complexity of the power supply to hospitals, and the heterogeneous nature of building 

service technologies used within the hospital buildings, technological energy reduction initiatives 

tend to be bespoke to individual site requirements, and hence, are difficult to implement on a multi-

site scale. 

 

3.5.7 Hospital on-site generation of electricity/connection to the grid 

Hospital buildings require high quality, guaranteed supplies of a large amount of energy (Szklo, 2004). 

From the analysis of Estates Return Information Collection (ERIC) data, it was possible to deduce that 

during 2019/20 NHS buildings consumed a total of 2,847,297 MWh of power from various sources. 

This can be broken down as follows (NHS Digital, Estates Return Information Collection (ERIC) 

2019/20)73: 

 

• 54.5% (1,550,441 MWh) via the National Grid as ‘Brown’ energy, i.e. fossil fuels.  

• 10.2% (289,739 MWh) (10.2%) via the National Grid as non-polluting ‘Green’ energy  

 
73 NHS Digital, ERIC Data – 2019/20. Available online at: https://digital.nhs.uk/data-and-
information/publications/statistical/estates-returns-information-collection/england-2019-20 (Accessed on 17/07/21) 
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• 35.0% (998,962 MWh) was generated on hospital grounds via combined heat and power 

(CHP) systems.  

• 0.3% (8,155 MWh) (0.3%) was generated via third party, and NHS owned renewable 

generation sources such as photovoltaic panels. 

 

CHP units produce electrical power on-site and harnesses “waste” thermal energy produced in the 

power-generation process to satisfy space and water heating loads (Zogg et al., 2005). A CHP system 

can also use waste heat to drive absorption chillers; although in practice, not all heat generated via 

in the power-generation process can be recovered and used (Zogg et al., 2005). As CHP systems in 

hospitals are running all year, they offer an ideal opportunity for energy and cost savings (Biglia et 

al., 2017), however in practice CHP equipment is often either out of use, or poorly sized (Szklo, 2004). 

Rising energy costs and the ongoing emissions concerns of traditional grid power generation also 

push the increased use of photovoltaic (PV) panels on hospital sites (Isa et al., 2017). However, the 

procurement of CHP and PV technologies are expensive and meets a number of barriers to 

implementation discussed in (section 7.6) on barriers to energy management.  
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Chapter 4  
Methodology  

 
 
4.1 Introduction and context 

Research is characteristically undertaken by way of a series of coherent and gradual steps undertaken 

either in series or parallel towards a specific outcome or goal such as a contribution to theory, or 

support tool or set of procedures to assist an empirical application. 

 

A framework developed by Eckert et al. (2003) to support engineering design process research 

provides a methodology that guides the research process throughout its multiple stages, towards a 

considered outcome and conclusion. The framework, however, proves flexibility as insights gained 

from one stage, can put the process into any of the other stages. 

 

Given that this framework is centred on design process research, a number of aspects of this are 

pertinent to the key themes and multifaceted research of this PhD, where determining design 

processes, the development of theory and the considered use of decision support tools, is highly 

relevant. Eckert’s empirical-based framework is illustrated and characterised by a “Spiral of Design” 

visualisation that features eight main stages/components of the engineering research process: 

empirical studies, development of theory, development of tools and procedures, introduction of 

tools and procedures. Each of these stages can be evaluated separately. This is illustrated in Figure 

4-1 below. 

 
Figure 4-1. The eight fold model of design research ‘Spiral of Design’ 

Source: Eckert et al. (2003). 
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Whilst this framework is considered to provide a long term strategy for research teams, recognition 

of the overall research rationale should be understood, the research of this thesis is predominantly 

placed within the first and second stages of the spiral, that is; ‘empirical studies’ which include case 

studies, interviews and various analytical methods, and the ‘evaluation of empirical studies’, where 

the validity of the research is assessed to establish if the outcomes can, or cannot be generalised. 

Stage three; the ‘development of theory’ has also been touched upon through the development of a 

design process model and stakeholder analysis, as has stage five, the ‘development of tools and 

procedures’ where the use of a design margins tracker tool has been considered. 

 

4.1.1 Structure of the methodology chapter 

The study evolved over time by way of a sequential research design as illustrated in Figure 4-2. Due 

to the multifaceted approach to the research of this thesis, whereby, a mix of detailed case studies, 

supplementary interviews, participatory workshop and a practical evaluation assessment were all 

undertaken, Figure 4-2 below provides useful signposting to the remaining sections of the 

methodology chapter to provide an overall perspective, and clarity of the research undertaken. 

 

 
Figure 4-2. Overview of the Methodology Chapter 
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4.2 Research philosophy 

This research aims to improve current energy management practice and looks for pragmatic solutions 

that energy management professionals can embrace. It tries to understand where it is possible to 

interfere with the system to improve its behaviour. It studies a sociotechnical system that combines 

both an analysis of technical systems and observations of the social processes that led to it (de Weck 

et al., 2011). Siddiqi and Collins (2017) describe sociotechnical systems as “ensembles of technical 

artifacts embedded in society, connected with natural ecosystems, functioning within regulatory 

frameworks and markets, and exhibiting a high degree of complexity and dynamics that are not fully 

understood”. To study the sociotechnical system of the hospital energy system a critical realism 

approach was taken. 

 

In the mid-twentieth century Bhaskar (1978) developed a philosophical perspective to both the 

natural sciences, which he termed “transcendental realism,” and to the social sciences which he 

classed as “critical naturalism,” (Bhaskar, 1978; Collier, 1994). These perspectives, Bhaskar 

suggested, were both compatible and explanatory (Collier, 1994). Bhaskar went on to develop a 

combined theory of the natural and social worlds which he described as “critical realism” (Collier, 

1994). 

 

Natural science researchers attempt to describe, measure and predict consequences based on 

repeatable experiments in an effort to explain what they observe, and with the aim of contributing 

to an “objective” theoretical perspective. Social science researchers, however, do not have the luxury 

of being able to repeat events, or alter key variables to observe the consequences. This is because 

their research considers the interactions, relationships or negotiations between people, whose 

accounts of such interactions will vary depending on their own particular perspective. Such accounts 

must be considered subjective interpretations of events. Unfortunately, events, experiences or 

negotiations cannot be repeated exactly, since many factors such as tiredness, mood, ambience, etc. 

may fundamentally change how an event or negotiation transpires. Hence each interaction is unique 

and cannot be repeated exactly. 

 

Critical realists accept that inductive (also termed retroductive or abductive) explanations can 

provide a useful framework for furthering an understanding of events (Easton, 2010). This means 

that an explanation can be suggested that accounts for a set of observed facts, and this process can 

act as a way of exploring the mechanisms that affect an event. The inductive explanation may either 

be correct, or it may be partially or totally flawed. Hence retroductive arguments are weak, due to 

their inability to gauge how closely they represent the “truth”. In practice, two or more retroductive 
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arguments are compared to see which of the arguments better represents our understanding of how 

events might have unfolded. Alternatively, a retroductive argument can be made more powerful 

through support from additional evidence derived from other sources. Critical realist researchers 

embrace the widest possible range of methods to ‘uncover’ the clearest picture of events.  The 

process where the results from individual pieces of research about a topic, employ different 

methodologies to help locate and support each other in presenting an improved picture is sometimes 

termed triangulation. 

 

The critical realist perspective can be helpful for understanding and interpreting social structures in 

the NHS and interpreting how changes can cause outcomes that can be observed or studied (Easton, 

2010). However, Yeung (1997) argues that due to its limitations the critical realist perspective may 

be less applicable to generating theory (Yeung, 1997). Critical realist researchers have argued that 

our imperfect or inconsistent interpretations of the world require “the most searching and thorough 

exploration by the broadest range of methods” so that knowledge can be related as closely as possible 

to “reality” (Tsang and Kwan, 1999). Hence the variety of insights and thick descriptions74 gained 

from using combinations of methods, contribute to building a rich picture75 of the events or 

relationships under study. 

 

Key to the process of interpreting a “rich” picture, is a clear understanding of what can be said about 

the results derived from different types of studies, based on very different premises (Mingers and 

Gill, 1997). Nevertheless, the process of triangulation has attracted considerable criticism. Crucially, 

the different perspectives adopted throughout the research, require that the research outcomes 

must be understood in the context of their ontology and epistemology. For instance, it may be 

inappropriate to draw conclusions about a population, based on the results of a single case study. 

However, such a study can shed light on aspects of the events or relationships under investigation. 

For example, a researcher may wish to shed light on population outliers or exceptions, whose 

behaviour appears contrary to the normal model, and by this means permit the presence of a general 

relationship (Yin, 2009). Crucially, the clear obligation to embrace a broad range of methods affords 

greater richness, power and clarity in the eventual research conclusions. Easton (2010) suggests that 

suitable approaches to critical realist research include case study research, and exploration of the 

motivators (including the decision-making processes), activities and outcomes of the mechanisms 

under study. Yeung (1997), in explaining the broader critical realism method of iterative abstraction 

 
74 A thick description (as used in the fields of sociology or anthropology), typically describes aspects of human behaviour 
but in addition, includes contextual information. See Geertz (1973) Chapter 1. 
75 Rich pictures provide a visual representation of a problem or event based on a diagram built up from experiences and 
insights. Such diagrams encompass the form, context and processes of an event, or situation. 
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and retroduction, notes that “we should move from pure descriptions of the phenomenon to 

abstractions of possible causes” (Yeung, 1997); it is this stance that is adopted for this PhD research.  

 

4.3 Overview of methods applied 

A range of methodologies is used to obtain a wide-ranging view of the challenges affecting large 

acute hospital Trusts. The research objective also requires a broad understanding of the data and 

evidence, internal and external drivers and decision-making processes within hospitals. A mixed 

methods approach was required to examine the variety of data and information held across hospital 

Trusts and their contracting partners combining interviews and document analysis. Interviews are 

considered a foundation to qualitative research, particularly when employed for case studies (Klein, 

2012).  

 

Research case studies conducted via semi-structed interviews were initially undertaken across two 

acute hospital Trust sites looking at the broader topics and barriers to strategic energy management. 

During this research, open-ended questions had been developed to maximise the potential for 

participant response and rich data. It was necessary to adjust questions during the process, when for 

example, different participants raised similar issues that had not been accounted for in the original 

question set; hence the reflective cycle of action research facilitates the adjustment of interview 

questions throughout the process. This practice is also described within an ‘action research in 

healthcare’ paper published during 2010 (Koshy et al., 2010). 

 

The first case study at Nottingham University Hospitals (NUH) investigated energy management 

through interviews and document analysis. During semi-structured interviews on energy 

management, several participants in separate interviews in the second case study at the Royal Stoke 

University Hospital (RSUH) made reference to a potentially over dimensioned boiler system. This 

raised the significant and potentially wider issue of building services overdesign. As the topic of 

margins, describing overdesign, was actively discussed in engineering design at this point (see section 

2.7.1), a decision was taken to focus on overdesign in the analysis of the second case study. 

Therefore, documents were obtained and further interviews were conducted to model the 

overdesign, and to understand the process that led to the overdesign.   

 

A third case study funded by the Centre for Digital Built Britain (CDBB) was specifically commissioned 

to look at the problem of building services overdesign with a view to assess whether a digital tool 

would be beneficial to aid the traceability of multiple design factors, such as, the data used to 

produce the initial design specification or the scope of margins applied and the rationale for their 
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inclusion. By way of participatory workshops, research interviews and document and data analysis, 

research of the third case study was focused on a single complex hospital cooling system at the John 

Radcliffe Hospital (JRH) in Oxfordshire.  

 

Two research verification workshops were organised to gain a better understanding of the barriers 

to effective energy management from a range of professional full-time Energy Managers within NHS 

hospitals. The structure and methodological approach to these workshops are provided in detail, 

later within this chapter. Supplementary interviews were also carried out with non-case study related 

professionals to gain wider viewpoints of the barriers to effective energy management, but also, to 

understand the implications of NHS policy and the wider influencing factors of equipment oversizing 

within the building services sector from the perspective of a senior representative of the Chartered 

Institute of Building Service Engineers (CIBSE). 

 

A practical verification exercise was undertaken to establish the scope of oversizing and associated 

operational costs of an oversized ventilation system at the Northwick Park Hospital in London, 

opportunities for mitigation against oversizing were then examined. 

 

4.3.1 Professional practice and experience of author  

This programme of study continues the author’s professional practice as a Chartered Engineer in the 

field of energy efficiency and carbon reduction within the healthcare built environment. The research 

reflects on personal concerns as to the suitability of engineering low carbon projects and the 

rationale behind decisions made. The authors experience ranges across 35 years working within the 

NHS across various roles, initially as a maintenance technician assisting with the day-to-day operation 

of three district general hospitals, then progressing to an Estates Manager focussing on energy and 

environmental management, responsible for a £4m energy budget and approximately twenty 

engineering maintenance craftsmen. Finally, the author became a consulting engineer working 

across multiple hospital sites and pharmaceuticals both within the UK and Internationally. During this 

time the author has seen what appears to be, poor investment decisions by hospital Trusts at various 

levels within the organisation, involving projects that range from £1k to £5m in value. 

 

In addition, the author regularly delivers a range of training courses for the Chartered Institute of 

Building Service Engineers (CIBSE) and for Eastwood Park Training Centre, the National estates and 

technical based training centre for the NHS. Courses developed and delivered by the author range 
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from energy management and sustainability principles to cooling and refrigeration systems, and 

estate’s compliance. 

 

4.3.2 Data re-coding and analysis of interview transcripts  

All semi-structured interviews undertaken for this thesis were recorded via a Philips voice tracer 

device. Subsequently, all audio files were transcribed into a Microsoft Word document and analysed 

following a thematic analysis approach.   

 

Thematic analysis involved the scrutiny of the transcripts which were initially coded from a wide 

range of ‘main theme’ categories that varied from building stock and organisational structure to 

barriers to energy efficiency, all of which were observed, identified and drawn from relevant 

academic literature and the professional practice of the author. The list of ‘main theme’ topics during 

the ‘first stage analysis’ were codified using specific highlighting colours, which were then used to 

code ‘threads of data’ within the interview transcripts enabling dialog associated with the main 

themes, to be easily identified. All transcripts were carefully read in electronic format and the ‘text 

highlight colour’ function of the word programme toolbar was used to apply a specific colour to 

transcript text where interpreted data threads were relevant to main theme categories. This method 

is illustrated in Figure 4-3 whereby five example ‘main theme’ topics, each having a unique colour 

codification is placed alongside relevant transcript text. For example, text associated with the topic 

of ‘Governance’ has been emphasised in the highlight colour yellow for easy identification and 

segregation for secondary analysis. Two example transcript text extracts have been provided for each 

of the five ‘main categories’ illustrated. 

 

During a ‘second stage analysis’ highlighted data threads within the interview transcripts were copied 

and pasted into a second Microsoft Word document, by colour, providing collections of data threads 

(e.g. quotations from interviewees) representing associated topics and dialog grouped under each 

‘main theme’ category. This organisation of data enabled the analysis and identification of various 

‘subthemes’ from similar and related contexts, allowing higher order categories to evolve. Figure 4-4 

provides two examples of a second stage analysis for the main themes of ‘Governance and Finance’. 

Whilst not inclusive due to the many threads and categories associated within this research, Figure 

4-4 serves to provide an illustration as to how the ‘data treads’ have been typically organised, along 

with respective interview references. 
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Figure 4-3. First Stage Analysis – Extracts of Coded Interview Transcripts into ‘Main Theme’ Examples 

 

On occasions, it was difficult to be precise in the categorisation of some of the data threads; this was 

because the data could be interpreted in a number of ways; where this did occur or where more 

questions were raised than answers given, secondary evaluation telephone interviews were carried 

out and notes were taken, in order to fill gaps in knowledge and understanding. During the ‘second 

stage’ abstraction process it was possible to see a number of patterns emerging. For example, issues 

related to the hospitals ability to obtain ‘capital finance’ for energy efficiency projects was also 

closely linked with internal and external ‘governance restrictions’ whereby, for instance, external 

borrowing limits imposed on Trusts’ by the Department of Health, and internal competition for 

capital finance against ‘high-profile’ clinical schemes, would often result in a lack of funding 

availability for energy efficiency projects.  

Descriptive ‘codes’ 

and colours of key 

themes identified 

Source 

Transcript 

reference 

Extracts from coded transcripts highlighting colour coded threads. Two 

examples have been provided for each key theme. 

Governance 
 
Yellow 

CS2 – P6 P1: Is there a sort of governance structure in place that allows things to be fairly 
distributed to Estates rather than used for clinical measures? 
P2: Absolutely. The Trust Board has got a subcommittee called the Capital 
Investment Group which is chaired by the Director of Finance and sat 
underneath that there are specialist subgroups. 

CS2 – P7 P1: So it’s the operational stuff and getting everything tied up, as well as the 
health stuff. So I’m looking at governance structure at the moment, so that will 
be quite a big piece to get sorted initially to get that in. So initially that’s where 
I’m coming from at the moment. 
P3: So what were the governance structures in place prior to you coming? Or 
were they a bit looser? 

Finance 

 
Green 

CS2 – P6 P3: So how do you get the money for the initiatives? 
P2: We’re having a devil’s own job in actually securing funding for particular 
energy improvements and we are starting to look at alternative sources of 
funding so that the Trust can get the benefit of the carbon reductions and other 
energy efficiencies going forward, without using the limited Trust resources that 
we’ve got. 

CS2 – P7 P3: Well it’s something they’ll develop over time. 
P2: Yes that’s the thing. I do hope that the same care is given. 
P3: I think it probably will. I know that there’s £100k in budget available for 
projects under £5k which can be done internally within the department. So 
that’s really encouraging. It’s not often you get Trusts which have that. 

Uncertainty and Risk 

 
Light Blue 

CS2 – P1 P1: So what do you do if you have a sort of maintenance issue that could 
potentially be really serious for the whole of the Trust? What is the process for 
that? 
P2: Well, we use Datex. That’s our system for reporting any adverse incidents or 
accidents. Not the best system because it’s clinically driven, it’s not really good 
for estates. 

CS2 – P6 P2: Not really, no. Our approach is we don’t hide anything at all. So we regularly 
do condition appraisals right across the organisation. All those areas are then 
identified onto the risk register so that the Trust is acutely aware of all its issues. 

Organisational 

Constraints 

 
Grey 

CS2 – P4 P1: What do you think are the main barriers specific for procuring for energy 
conservation or energy efficiency? 
P2: Well I think for procurement I think the main barriers is the new legislation. I 
think it’s a barrier on a lot of things. There’s such strict rules in place as to what 
you can do, can’t do and you have to be transparent. It’s very hard to factor in 
things like sustainability. 

CS2 – P5 P1: It sounds like the actual contractual arrangements around the PFI contract 
are all in favour of the PFI really. I mean, as you’ve explained, there’s variants 
with the degree days and all the rest of it. Everything stacks up and it’s 
impossible to penalise them really. That’s how it seems anyway. 

Data 

 

Pink 

CS2 – P6 P1: So in terms of reporting, is there regular reporting done up to the Board? 
How’s the reporting systems work? 
P2: I mean reporting’s poor quite frankly here. It was something that I spotted 
when I very first started.  

CS2 – P5 P1: And savings, payback savings and things like that. 
P2: I’m quite sort of scientifically minded so I don’t like it if there’s any 
ambiguity at all. We’ve got pretty good data ourselves in terms of energy 
consumption, but you’ve never got quite the right piece of data you want. 

 

Table 15 – Extracts of Coded Interview Transcripts represented by Key Themes 
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Figure 4-4. Second Stage Analysis – Collection of example Data Threads: Finance and Governance 

 

The final ‘third stage’ of the data analysis related to the identification, interpretation and 

organisation of topic subthemes. This involved the further review of grouped ‘main theme’ transcript 

quotations, whereby related topics from the range of interviews would be separated out further into 

more specific and focused sub-groups. For example, data threads relative to the wider issue of 

‘behavioural constraints’ as a barrier to effective energy management, were placed into 

subcategories, whereby, relevant associations and influencing topics such as motivation, knowledge, 

experience, training, cognitive bias and culture were all captured and noted. Table 4-1 provides 

Main Theme Category – Governance 
 

- “completion of PFI building works has allowed internal development meeting structures to be formalised” (CS2 – 
P1). 

- “two years ago things changed because as part of the PFI agreement energy management with the procurement 
of energy comes under the PFI” (CS2 – P4). 

- “sustainability is within our procurement policy and we do have John who is our sustainability man” (CS2 – P4). 
- “governance in process of being reviewed with appointment of new sustainability lead Louise” (CS2 – P7). 
- “we have Governing bodies and systems such as the Care Quality Commission (CQC) audits and Premises Assurance 

Model (PAM) (CS2 – P1). 
- “our sustainability development management plan that captures Trust roles and responsibilities is in process of 

being written” (CS2 – P7). 
- “variance in responsibility for differing parts of the estate; I’m not responsible for the hard FM maintenance within 

that building. That’s part of the contract, that’s part of the PFI package” Mark Braden (CS2 – P6). 
- “this is influenced by Government procurement frameworks for energy (CS2 – P8). 
- “energy management was not strategic across Trust; Charlie now taking responsibility for strategic management 

(CS2 – P6). 
- “failure to engage wider health organisations around this agenda; Health and Wellbeing 

Boards/Council/Community (CS2 – P7). 
- “there’s not really been the Board appetite to drive forward the initiatives.” (CS2 – P6). 
- “I wouldn’t say at this point in time, it’s a sort of set agenda for Trust Board in that sense. I think it has been in the 

past but not at the moment. That might be because we have a number of distractions like the merger with Stafford 
and our A&E issues and all the rest of it” (CS2 – P9). 

- “at some point in the last few years energy conservation targets to be achieved was quite a high priority in 
Government terms. So there was more discussion at that point as to how we would get ourselves to the position 
that we should be in.” (CS2 – P9). 

 
 
Main Theme Category – Finance 
 

- “the Board not prioritising energy efficiency due to ‘massive financial and clinical demands’ as well as the 
influencing PFI contract” (CS2 – P1). 

- “there’s never enough capital to go round. Things are tight at the moment in the NHS, it’s worse than normal in 
terms of capital” (CS2 – P3). 

- “clinical demands will have a better payback that an energy invest to save scheme” (CS2 – P3). 
- “as with most Trusts… …we’ve got to make savings” (CS2 – P4). 
- “so it was a case of how best to eke out as much new development as we could by the financial models we’ve got 

available. Some buildings were earmarked for demolition but are now being retained” (CS2 – P6). 
- “we’re having a devil’s own job in actually securing funding for particular energy improvements and we are starting 

to look at alternative sources of funding so that the Trust can get the benefit of the carbon reductions and other 
energy efficiencies going forward, without using the limited Trust resources that we’ve got” (CS2 – P6). 

- The way external funding, in loan terms, accounts for carbon reductions but not instant financial savings; “We’ve 
reduced our carbon footprint but we’ve not actually made any financial savings at this point in time until we’ve 
paid it off” (CS2 – P6). 

- “I think it probably will. I know that there’s £100k in budget available for projects under £5k which can be done 
internally within the department. So that’s really encouraging. It’s not often you get Trusts which have that” (CS2 
– P7). 

- External finances influence the ability to achieve energy reduction targets; “the Government, set these fairly 
onerous targets, challenging targets going forward. I fully understand and recognise the need to do that but then 
they don’t support it with the right level of available investment” (CS2 – P6). 

- “the reporting and evaluation part of the DoH funding was stopped due to the lack of available finance; you’d 
expect the due diligence to be absolute and the reports back in and the investment of £50m…” (CS2 – P6). 

 

 

Figure 16 – Second Stage Analysis – Collection of Data Threads into Main Group Categories 
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various examples of the third stage analysis, whereby, the development of subtheme categories from 

transcript data threads provided a rich and more granular understanding of the data, as well as, an 

interpretation of the possible impacts and barriers to effective energy management extracted from 

a mix of academic literature, discourse from the research interviews, and professional practice. 

 

Table 4-1. Third Stage Analysis – Development of Subthemes and an Interpretation of Impacts 
Main Theme 
Categories 

Subtheme Categories Interpretation of the Possible Impacts on energy management 

Governance 
 

Procurement barriers Inability to directly select specialist technology suppliers  
Capital borrowing limits Restrictions in obtaining capital finance for energy efficiency projects 
Bounded rationalities Knowledge limitations of the organisational stakeholders 
NHS culture Hierarchical approval and sign off, slow and inflexible policy 

requirements, annual budget setting  
Decision making Fragmented and unclear decision-making processes 
External regulators Quality care commission priorities and premises assurance compliance 

requirements 
Internal policy constraints Restrictions on energy efficiency projects return on investment periods 

(ROI), prioritise clinic requirements 
Data 
 
 

Energy consumption 
trends 

Inadequate data to determine detailed trends in energy consumption 

Data analysis Lack of numeracy skills to properly analyse data 
Absence of regular energy 
meter readings 

Estimated energy consumption due to lack of accurate and regular meter 
reading data 

Inaccurate energy 
consumption reporting 

Estimated meter readings, poor interpretation of available data, use of 
inappropriate energy and carbon conversion factors  

Unengaging reporting 
metrics 

Standard building reporting metrics such as kWh/m3 floor area not 
engaging to clinicians 

Forecasts vs. actual energy 
savings 

Third party equipment and technology specialists over estimating energy 
savings potential of their equipment, compared to the reality  

Uncertainty and Risk 
 

Accountability  Risk analysis and processes to ensure compliance and safety impacting 
on the relaxed use of innovation 

Third party stakeholders Energy contracts and services often weighted in favour of commercially 
astute, third part service providers  

Behavioural 
Constraints 
 

Motivation Lack of motivation for energy efficiency projects due to the necessary 
added transactional workload 

Knowledge & Experience Large range of skills required for effective energy management; rarely 
will a hospital organisation have this all-inclusive knowledge - reliance on 
external specialists   

Training Lack of appropriate training and skills in energy management 
Cognitive bias Preconceived opinions on the benefits and disadvantages of technology 

and processes, results in missed opportunities 
Culture A ‘we’ve always done it this way’ attitude can impact on progress and 

innovation 
Competing priorities Heavy and diverse workloads can prevent energy improvement projects 

being considered 
Technical Complex buildings  Hospital buildings are fitted with specialist and diverse energy systems 

that are not easily understood  
Physical constraints  Restrictions on space and accessibility can be a barrier to efficient and 

innovative equipment selection – PV panels  

Over design of building 
services 

‘Rule of thumb’ assumptions, inappropriate specifications, design 
margins and poor communications can all lead to increased energy 
consumption 

Poor control of heating 
and cooling equipment 

Overheating and simultaneous heating and cooling control can impact on 
building energy performance 

Poor technical 
specifications 

Over specification of equipment due to poor site demand profiles and 
concerns over risk and reliance 

 
 

Analysis of the interview data highlighted many associations and commonalities associated with the 

barriers to effective energy management, which are discussed in the case studies Chapter 5. 
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The semi-structured interviews also revealed a hidden barrier to effective energy management, 

specifically concerning the overdesign of building service systems, which following further detailed 

research was found to be a function of numerous complex factors that collectively form the main 

contribution, and hence, the key focus of the research of this thesis. 

 

4.4 Case study 1: Nottingham University Hospital (NUH) 

This case study aimed to provide a broad overview of the energy management systems, governance 

and decision-making processes at Nottingham University Hospitals NHS Trust (NUH); and employed 

a mixed method approach. In depth semi-structured interviews were conducted with organisational 

managers having key energy management responsibilities within the Trust, on-site energy surveys of 

the Trusts building portfolio, a review of energy management policy and procedure documents and 

an analysis of quantitative energy data, have all been undertaken. 

 

4.4.1 Details of case study timelines 

Figure 4-5 provides an illustration of the timelines associated with the NUH case study which ran 

between January 2013 to March 2015. 

 

 
 

Figure 4-5. Timelines and Work Stages associated with the NUH Case Study 
 

4.4.2 Semi-structured interviews 

The NUH case study comprised four semi-structured interviews with a variety of Estates personnel 

who had key energy management roles and responsibilities, see Table 4-2. 

 

 

ACTIVITY Jan - March 
2013

April - June 
2013

July - Sept 
2013

Oct - Dec 
2013

Jan - March 
2014

April - June 
2014

July - Sept 
2014

Oct - Dec 
2014

Jan - March 
2015

Semi-structured Interviews

Site Energy Surveys

Document Review

Transcript & Documents Analysis 

Findings & Recommendations

Preparation of Case Study Paper

Final Presentation to Trust
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Table 4-2. List of interviewees, in chronological order 
 

Case 
Study/ 

Interview 
No. 

Name and Job Title Date Duration Interviewer 

CS1-P1 Estates Manager 28/02/2013 49 minutes DJ, CE 
CS1-P2 Deputy Director of Estates 

and Facilities 
28/02/2013 43 minutes DJ, CE 

CS1-P3 Energy Manager  28/02/2013 53 minutes DJ, CE 
CS1-P4 Sustainability Manager 21/03/2013 51 minutes DJ 

 

Interview question sets were developed prior to each interview, these were designed to encourage 

free flowing conversations to allow the interviewees to explain their role and influences within the 

organisation. Ensuring participants' anonymity also provided space for them to talk frankly, 

particularly where organisational and energy management constraints were perceived to have a 

negative impact on efficiency. Figure 4-6 provides an example question set prepared for the Trust 

Sustainability Manager. 

 
Figure 4-6. Example Question Set – NUH Case Study 

 

Case	Study	Question	Set	–	Nottingham	University	Hospitals	NHS	Trust	
	

	 5	

Sustainability	Manager	
	
1. Is	energy	management	and	staff	conservation	supported	by	the	Trust	Board?	
2. Is	energy	and	environmental	performance	reported	regularly	to	the	Trust	Board?	
3. Are	middle	management	and	those	directly	responsible	for	managing	energy	aware	of	

the	energy	and	environmental	legislative	requirements	of	the	organisation?	
4. How	do	those	staff	working	towards	Carbon	reduction,	perceive	energy	guidance	and	

policy	documentation	that	is	provided	by	the	SDU?	
5. Is	guidance	documentation	provided	by	the	SDU,	easily	accessible	and	well	

publicised?	
6. How	are	decisions	regarding	the	selection	and	adoption	of	energy	efficiency	(Low	

Carbon)	projects	made?	
7. Does	a	single	person,	or	a	group	of	people	make	the	decision	to	procure	any	given	

technology?	
8. Does	the	cost	of	the	energy	project	dictate	who	is	eligible	to	make	the	final	decision	

on	purchasing?	(e.g.	an	individual	may	be	authorised	to	sign	off	a	‘set’	maximum	
order	value	of	say	£5k,	whereas	anything	exceeding	this	value	may	need	to	be	
authorised	by	the	sustainability	group	or	similar).	

9. What	key	factor,	or	factors	dictate	‘whether	or	not’	a	project	goes	ahead?	Are	these	
financial	(i.e.	simple	payback	period,	whole	life	cycle	costing)	or	are	other	factors	
involved?			

10. In	your	opinion,	how	can	the	appropriateness	of	decisions	made	within	the	NHS,	in	
respect	to	the	adoption	of	low	carbon	technologies	be	improved?	

11. Is	staff	energy	awareness	and	staff	conservation	encouraged	across	both	Trust	sites?	
12. How	is	energy	procured?	Is	this	the	same	for	both	Sites?	
13. What	are	the	main	issues,	barriers	and	concerns	for	energy	

conservation/management	within	the	organisation?	Do	these	concerns	differ	across	
the	two	sites?	

14. Whose	role	is	it	to	identify	energy	initiatives	within	the	Trust?	
15. How	are	energy	initiatives	validated	and	selected	for	implementation?	
16. What	in	your	opinion	are	the	main	factors	that	affect	the	energy	performance	of	

buildings	across	the	two	sites	(e.g.	building	construction,	building	services,	location,	
use,	management	etc.)?	
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This case study did not extend the interviews to higher level Board members, or to those from clinical 

or non-estate backgrounds. It was intended that a future research case study would include 

discussions with a wider decision-making group to gain a more accurate picture of the broader 

understanding, recognition and support for the energy management function, within hospitals. 

Without these peripheral viewpoints, only limited conclusions can be drawn in Chapter 5. 

 

4.4.3 Document analysis 

The focus of the document review was to gain an understanding of the organisation from an Estates 

perspective, but also to determine what energy management policies and procedures were in place, 

and indeed, what carbon reduction/energy efficiency targets had been signed up to, by the Trust 

Board. Eight key documents were reviewed, these are listed below in Table 4-3: 

 
Table 4-3. Document review of eight energy related documents 

 

Document Review 
Estates Strategy 2012 - 2022 
Energy Management Policy 
Energy Conservation Procedure 
Sustainable Development Policy 
Environmental Management Policy 
Environmental Management Procedures 
Carbon Reduction Strategy 2010 - 2020 
Sustainable Development Strategy 2010 - 2020 

 
 

These documents had been produced over time, in line with best practice recommendations from 

the NHS, SDU and Department of Health. The documents were initially skim read to identify 

interesting facts and relevant themes. Areas of interest were read in greater detail and then followed 

up by key word searches via programme toolbars within Microsoft Word and a pdf. reader. Key 

themes and observations from the documents were noted and have been considered and discussed 

in Chapters 5. 

 

4.4.4 Quantitative analysis of energy consumption data and performance 

Data relating to energy consumption is collated via meter readings and supplier invoices and 

reported on internally and externally by NUH. External reporting is collected via the National Health 

Service, Sustainable Development Unit (NHS, SDU) and Estates Return Information Collection (ERIC), 

both of which collate data related to the size of the Estate and energy consumption. A number of 



 104 

extensive Microsoft Excel spreadsheets were provided during the case study review covering the 

Trust’s two main sites; Nottingham University Hospitals City Campus and Queens Medical Centre. 

Data was analysed through the use of a series of tables, graphs and charts created in Microsoft Excel 

to determine trends in consumption usage. Electricity, gas and coal consumption data was also 

compared over a five-year period between 2007/08 through to 2011/12. NUH energy performance 

data was reviewed against government target requirements recorded in GJ/100m3. The findings of 

the energy consumption analysis are reported and discussed in Chapter 5. 

  

4.5 Case study 2: The Royal Stoke University Hospital (RSUH) 

Two senior members of the first case study organisation (CS1-P1, CP1-P2) moved onto a new NHS 

Trust, the Royal Stoke University Hospital (RSUH). In order to gain an understanding of the situation 

at the new organisation, the author was invited to undertake a detailed review of the process, 

procedures and systems relating to energy management. 

 

4.5.1 Case study overview 

Adding to the knowledge acquired from the NUH case study, the intended focus of the RSUH case 

study was to gain a deeper understanding of hospital energy management practices by determining 

the barriers associated with effective energy management. This studied the energy management 

systems, stakeholder roles and responsibilities, the hospital energy infrastructure, decision making 

processes at the RSUH, and how the implications of such decisions affect the energy performance of 

the organisation and its buildings. A wide range of interviews were conducted initially with various 

personnel across the organisation, including a clinical Board member and representatives from the 

Finance, Procurement and Estates departments. The research initially focused on stakeholder 

relationships, decision processes, governance systems and barriers to efficiency, all within the 

specific context of energy management.  

 

A mixed method approach was adopted starting with general interviews about the hospital’s energy 

management practices followed by specific interviews regarding concerns over an inefficient 

overcapacity boiler design, which had been specifically upgraded to meet the requirements of a new 

Private Finance Initiative (PFI) building contract specification. As the boiler system issue grew in 

significance, further interviews were organised to gain a better understanding of the circumstances 

and decision processes that led to the overdesign. These included an interview with a building service 

design expert not associated with the project. The interviews were supplemented by a detailed 
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document review looking at the entire boiler project design and installation database. This was 

supported further by modelling and analysing of the boiler project stakeholders to help understand 

the roles, responsibilities and influences of the various organisations involved. 

 

4.5.2 Details of case study timelines 

Figure 4-7 provides an illustration of the timelines associated with the RSUH case study which ran 

between January 2015 to December 2016. 

 

 
Figure 4-7. Timelines and Work Stages associated with the RSUH Case Study 

 

4.5.3 Semi-structured interviews 

The RSUH case study comprised 10 semi-structured interviews with a variety of personnel cross the 

Trust. A further interview with an independent consultant not connected to the Trust was also 

undertaken to bridge gaps in knowledge regarding the process of boiler design, that could then be 

related back to the case study boiler scenario. See Table 4-4. 

 

Table 4-4. List of interviewees, in chronological order 
Case Study/ 

Interview No. 
Job Title Date Duration Interviewer 

CS2-P1* Deputy Director 
for Corporate 
Services 

12/02/2015 48 minutes DJ, CE 

CS2-P2 Head of 
Environmental 
Sustainability 

12/02/2015 62 minutes DJ, CE 

CS2-P3* Estates Operation 
Manager 

12/02/2015 63 minutes DJ, CE 

CS2-P4* Energy Manager 12/02/2015 54 minutes DJ, CE 
CS2-P5 Corporate 

Services Matron 
12/02/2015 17 minutes DJ, CE 

CS2-P6 Divisional Finance 
Manager 

19/03/2015 21 minutes DJ 

ACTIVITY Jan - March 
2015

April - June 
2015

July - Sept 
2015

Oct - Dec 
2015

Jan - March 
2016

April - June 
2016

July - Sept 
2016

Oct - Dec 
2016

   Semi-structured Interviews

   Transcript & Documents Analysis 

   Document Review and Analysis

   Findings & Recommendations

   Preparation of Case Study
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CS2-P7 Deputy Head of 
Supplies & 
Procurement 

19/03/2015 40 minutes DJ, CE 

CS2-P8* Estates 
Development 
Manager 

20/04/2015 34 minutes DJ 

CS2-P9 Clinical Board 
Member 

31/08/2015 30 minutes DJ 

CS2-P10* Senior Project 
Manager 

16/09/2015 20 minutes DJ 

Independent Consultant not connected to the Hospital Trust 

CS2-P11* Chartered 
Building Services 
Design Engineer 

28/09/2015 45 minutes DJ 

 
 
For clarity, those interview participants where conversations specifically arose relating to the boiler 

design project are marked by an asterisk (*). The remaining five non-technical interviews P2, P5, P6, 

P7 and P9 discussed general energy management topics only. Figure 4-8 places the interviews in the 

organisational hierarchy. 

 

 
 

Figure 4-8. Interviewees described by job title, ordered by organisational hierarchy 
 

Specific question sets were prepared for each interviewee, dependant on job role and 

responsibilities. The questions were arranged to provide a logical order and natural transition, and 

covered a wide range of topic areas, including: job roles, organisational governance, building and 

energy infrastructure, decision making, data use, reporting processes, energy budgeting and 
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perceived barriers to energy efficiency. As the boiler house example grew in significance, a further 

two interviews were organised; one with a Trust-side project engineer directly involved in the boiler 

design scheme (CS2-P10) and another, with an experienced building services design consultant (CS2-

P11). The two subsequent interviews included general engineering conversations, such as what and 

how heuristic parameters are applied during a boiler house design process, as well as more specific 

conversations about the boiler example. Again, bespoke question sets were prepared, covering; 

timelines, documentation, decision processes, capacity increases and project management 

specifically relating to the boiler upgrade scheme.  

 

Due to the long time lapse between project completion and the research interviews, external 

consultants and other key people involved in the boiler system design were unable to be contacted 

for the research. Therefore, some gaps should be presumed to exist within the overall picture of the 

project development. A complete overview of the interview process and subsequent transcript 

analysis is illustrated in Figure 4-9. 

 
Figure 4-9. Overview of the Interview Process and Subsequent Transcript Analysis 

 

	

 	
	

1
•Preparation of 9 bespoke question sets for semi-structured 

interviews, separated into key topic areas

2
•9 semi structured interviews initially undertaken across 

various departments of the organisation with staff having a 
specific role in energy management

3
•A voice recorder was utilised at each interview. Voice 

recordings were transcribed for the purpose of subsequent 
analysis 

4
•Transcript analysis undertaken for each interview. Common 

themes and interesting comments were identified and 
ordered into groups and categorised 

5
•Upon identification of an interesting theme surrounding 

boiler house over-capacity, a further two interviews where 
undertaken specific to this topic area. A question set 
specifically relating to this subject area was prepared, 
interviews were recorded and subsequently transcribed 

6
•Main	theme	categories	and	themed	discussions	were	
organised	into	subthemes	to	provide	structure,	
understanding	and	continuity.	Emerging	themes,	discourse	
communalities’	and	associations	were	noted	and	are	
discussed	in	Chapter	5

• Roles and responsibilities 

• Decision making – order of authority 

• Reporting and data use 

• Energy management structure – Governance 

• Building Stock and Infrastructure 

• Barriers to Strategic Energy Management 

 

9 Interviews were undertaken between 12-02-2015 

and 31-08-2015. Interview durations ranged from 

17 to 63 minutes 

Recordings from interviews captured on a Philips 

Voice Tracer, down loaded to MP3’s and 

transcribed into Microsoft Word documents 

 

Subthemes	were	developed	upon	which	
academic	literature	and	professional	practise	
was	applied	to	compare	and	contrast	themed	
arguments	

Interview transcripts were analysed, initially by 

marking-up and annotating electronic transcript 

documents. Once common themes had been 

identified from the first pass review, ‘key word’ 

searches were then undertaken via the Microsoft 

Word search bar to capture all comments relating to 

each common theme. Lists of quotations relating to 

each theme where then ordered into groups   

 

2 further interviews were undertaken. These 

raised numerous questions around the boiler 

house project decision processes and the 

application of excessive design margins from 

specification through to installation 
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4.5.4 Document analysis 

In the authors capacity as an independent energy consultant to the hospital Trust, full access to 

project documentation was provided for the purpose of this research. The focus of the document 

review was specific to the boiler design and was aimed to establish what factors during the design 

process had led to the oversizing of the boiler plant, and what design margins had been applied. A 

total of 567 documents specific to the boiler house project were reviewed, these were understood 

to represent the entire project database, covering topic areas shown in Table 4-5. 

 

Table 4-5. Document review specific to the boiler house upgrade project 
 

Document Review 
Site plans and mechanical service drawings 
Project correspondence 
Cost and budget documentation 
Scope of works 
Project plan schedules 
Health and safety records 
Minutes of project meetings 
Tender documents and technical specifications 

 

The review was carried out using key ‘word’ searches (e.g. capacity, heating load, kWh) via 

programme toolbars, within a PDF reader and Microsoft Word. A large proportion of the documents 

were scanned images, and so not compatible with the search function; these documents were 

instead, skim read. Where areas of potential interest were identified, text was studied in greater 

detail. Nevertheless, the project documentation did not allow the author to specifically determine 

the different margins, nor where these were applied during the specification and design process. 

From the information as a whole and the body of research that exists around design margins, it is 

safe to make certain hypotheses. Particularly important are where in the process design margins 

were applied, their cumulative effect and the lack of checks against which to benchmark these 

assumptions; all of which is discussed in Chapter 5. An overview of the document review and analysis 

process is illustrated in Figure 4-10. 
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Figure 4-10. Overview of the document review and analysis process 

 
 

4.5.5 Stakeholder analysis and model development 

Based on information derived from the semi-structured interviews and document review, a process 

model was developed to capture and reconstruct the key stakeholders and work activities of the 

boiler upgrade design process. A Microsoft ‘Excel’ based stakeholder analysis was initially produced 

from the review of each project document (567 in total); and manually recording information such 

as the document reference, relevant stakeholder, dates of participation and tasks undertaken. On 

completion, the Excel file was filtered in order of stakeholders to determine the number of project 

contributors, participation timelines and associated work phases. Figure 4-11 provides a screen shot 

that captures a small section the ‘Microsoft Excel’ based output file to provide a high-level glance of 

the arrangement and content of the document. Due to the size of the data file, it is not possible to 

illustrate this in a readable scale, however, for clarity the spreadsheet lists, from left to right; the 

document reference, job, description, drawing number/reference, date, stakeholder and work 

phase. 

 

	

 	
 

 

	

1
•A total of 567 documents reviewed; representing the 

entire boiler house project database

2
•Documents organised into groups of subject matter and 

context 

3
•Many documents reviewed using key ‘word’ searches via 

programme toolbars, within a pdf. reader and MS Word. 

4
•Scanned images unsuitable for key ‘word’ search 

function were instead, skim read.

5
•Documents marked for potential interest were studied in 

greater detail.

6
•Despite a thorough review of all project documentation, 

full specifics relating to the application of design margins 
during the design process, could not be established

567 documents collated for review and 
analysis  

• Site plans and mechanical service drawings  
• Project correspondence & budget documentation  
• Scope of works and project plan schedules  
• Health & safety records 
• Tender documents 
• Technical specifications 
 
206 of the total documents were suitable for 
analysis using key words, such as:  
• Capacity 
• Heating load 
• Margins 
Documents containing ‘key words’ were marked 
for further review 

361 scanned documents were skim read. 
Documents of potential interest were marked for 
further review 

 

8 documents in total were marked for further 
review 

1 document provided an element of detail 
specific to the application of design margins  
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Figure 4-11. Section of document output file, illustrating arrangement and content scope 

 

From the organisation of document data, a continuation of the spreadsheet allowed for the sorting 

and filtering of project stakeholders into project timeframes and three key work phases; the 

specification, design and tender work phase, the contractor selection and installation work phase 

and the commission phase. The manipulation of qualitative data within the Excel file facilitated the 

development of a comprehensive stakeholder diagram that is presented and discussed in Chapter 5. 

In parallel with the creation of the document analysis project stakeholder diagram, the author, his 

supervisor Prof Eckert and Dr Killian Gericke met to develop various process models, see Figure 4-12 

showing the initial model. Figure 4-13 includes distinct stakeholder groups and project stages. 
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Figure 4-12. Early Model Development of Project Structure 

 
 
 

 
Figure 4-13. Refined Model of Project Structure 

 
The refined model was recreated via a cloud-based, digital process mapping tool, Lucidchart. The 

resulting swim lane diagram clearly identified some gaps in our understanding of the process which 

prompted two remote evaluation interviews, see Table 4-6. 
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Table 4-6. Details of Interviewees, in chronological order 
 

Case Study/ 
Interview No. 

Job Title Date Duration Interviewer 

CS2-P12 Advisor to the NHS Private 
Finance Unit (PFU) 

27/09/2017 35 minutes DJ 

CS2-P13 Estates Operation’s Manager 02/10/2017 18 minutes DJ 
 

4.5.6 Modelling of centralised building service systems  

Using boiler system capacity and site thermal demand data gathered from the semi-structured 

interviews and the project document analysis, a model of the boiler infrastructure changes and 

associated timelines was prepared using the drawing and shapes toolbars within Microsoft Word. A 

second model in the form of fishbone diagram, was also developed using the drawing and shapes 

toolbars within Microsoft Word to illustrate the sequence of the various work phases relative to a 

generic boiler upgrade project; all of which was based on relevant literature, building service system 

publications and dialog from interview CS2-P11. These models serve to provide a clear visualisation 

of the boiler system, and of the potential oversizing challenges relative to the various project design 

groups. 

 

4.6 Case study 3: The John Radcliffe Hospital (CDBB Research Project) 

Based on the early research findings of this thesis, most significantly, the issue of building services 

overdesign identified in Case Study 2, a funded research application was made to the Centre for 

Digital Built Britain (CDBB); the research project was identified by the acronym ‘IMMEDIATE’ 

(Integrated Management of Margins through Evaluation, DesIgn, Analysis, Tracking and nEgotiation). 

 

4.6.1 Case study overview 

Our proposal specifically addressed five of ten key research criteria necessary to meet the CDBB 

funding requirements, these include: 

 

1. Exploring the implications of a digital built Britain for social infrastructure such as one or 

more of i) Hospitals, ii) Schools, iii) Places of worship, iv) Arts and culture, v) Sports  

 
2. Exploring aspects of sustainability, insights and capabilities to improve the environmental 

impact of the social and economic activities in the digital built Britain.  
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3. Exploring the impact of the digitalisation and integration of services and assets in the 

performance of industry, manufacturing, trade, markets, and commerce within the digital 

built Britain.  

 
4. Exploring the exploitation of existing or emerging tools, technologies and techniques and 

their role in delivering a digital built Britain.  

 
5. Exploring ways to leverage data and information to deliver a digital built Britain. 

 
The project was granted funding approval by the CDBB, on 11th October 2018.  

 

4.6.2 Addressing specific CDBB topics 

The ‘IMMEDIATE’ project primarily targets whole-life asset management, as it addresses the whole 

lifecycle of building service systems, and sustainability through the envisaged energy savings. Given 

that it is located within a healthcare context it also makes a contribution to one of the UK’s great 

societal challenges: assuring the viability of the NHS.  

 

Reflecting on the CDBB themes in section 4.6.1, the NHS context places the project directly into CDBB 

theme 1. One of the main motivations behind tackling overdesign is increased sustainability, theme 

2, as well as increasing performance of buildings, theme 3. The project proposed to develop a tool 

and offer margin tracking as a technique, thus contributing to theme 4. The project would also 

explore the potential to leverage data from BIM systems to calculate margins. While fully automatic 

data management is beyond the scope of the project, a contribution to theme 5 was also envisaged. 

 

4.6.3 The research team – specific roles 

The ‘IMMEDIATE’ project is multidisciplinary in nature, bringing together researchers and 

practitioners from the built environment, building services engineering design and computer science, 

with Estate and Sustainability Managers from NHS Hospital Trusts. Researchers and Research Partner 

Trusts (Collaborators) of this research, are listed in Table 4-7 and Table 4-8. 

 

Table 4-7. IMMEDIATE Research Project Researchers 

Name Organisation Position Abbreviation 

Prof Claudia 

Eckert 

The Open University Professor of Design CE 
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Table 4-8. IMMEDIATE Research Project Collaborators 

 

The role of each researcher was very distinct and is summarised below: 

• Prof. Claudia Eckert – Focus on softer elements such as organisational traits and decision 

factors and was responsible for the overall supervision of the research project 

• Dr Pam Garthwaite – Focus on hospital resilience and soft organisational factors 

• Dr Martin Stacey – Focus on margin capture software development 

• Darren Jones – Focus on oversizing and the technical aspects of the case study 

 

For clarity, all case study materials contained within this PhD are the work of the thesis author, this 

includes; preparation and analysis of the interview transcripts, development of all figures, tables, 

models and text, the analysis of information and data, and the development of case study 

conclusions. 

 

An approach was taken to work closely with the NHS Trust partners to assure that the outcomes of 

the research met their needs, while assuring that any tool or recommendations support the wider 

applicability within the built environment.  

 

 

Dr Pam 

Garthwaite 

The Open University PhD on Resilience in Hospitals RG 

Dr Martin 

Stacey 

De Montfort University Senior Lecturer – Human Computer 
Interaction 

MS 

Darren Jones Low Carbon Europe and 
The Open University 

Engineering Consultant on Energy 
Management in Hospitals and a PhD 
research student looking at Margins in 
Building Services 

DJ 

Lead 

Participant 

Organisation Position 

Gary Munn London North West University Healthcare 
NHS Trust 

Acting Director of Estates and 
Facilities 

Chris Forster Homerton University Hospital NHS 
Foundation Trust 

Director of Estates and Facilities 

Lesley Juett Dartford and Gravesham NHS Trust Director of Estates and Facilities 

Eric Fehily North West Anglia NHS Foundation Trust Director of Estates and Facilities 

Mark Neal Oxford University Hospitals NHS Foundation 
Trust 

Director of Estates and Facilities 



 115 

4.6.4 Approach to the CDBB research 

The research adopted a mixed methods approach that included; semi-structured interviews, 

document analysis, modelling of the case study engineering system including a stakeholder analysis, 

and participant workshops. The project included five NHS hospital organisations as collaborators who 

were invited to a launch workshop which provided a general introduction to design margins and how 

the cumulation of these might lead to the oversizing of building service systems. Each of the partners 

recognised the issues presented and offered suggestions for building service projects carried out 

within their hospital organisation, that could be studied. The particular hospital selected for the case 

study, was a high-profile case well known in NHS hospital circles as a successful PFI and EPC project; 

however, the Estates Director felt that while making remarkable savings compared to its 1980s 

predecessor, the system was seriously oversized. 

 

4.6.5 Details of case study timelines 

Figure 4-14 provides an illustration of the timelines associated with the John Radcliffe Hospital case 

study. 

 

 
Figure 4-14. Timelines and Work Stages associated with the RSUH Case Study 

 
 
 
 
 
 

ACTIVITY Jan-19 Feb-19 Mar-19 Apr-19 May-19 Jun-19 Jul-19 Aug-19 Sep-19 Oct-19 Nov-19 Dec-19 Jan-20 Feb-20 Mar-20

Launch Workshop

Project Identification 

Semi Structured Interviews

Interview Transcript Analysis

Document Review and Analysis

Findings & Recommendations

Research Validation Workshop

Submission of Publishable Report

Final Presentation at CDBB Showcase

Continuation work - additional site data 
gathering and modelling of alternative 
chiller system design
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4.6.6 Launch workshop with participating NHS Trusts  

A launch workshop was organised with research participants to introduce the project and establish 

a common understanding of the project goals. The workshop took place at the Open University 

in Camden, London, on Thursday 24 January 2019, lasting approximately 2.5 hours. 

 

The NHS partner Trusts proposed case studies. The project research team decided to initially focus 

on a single ‘high profile’ case study at the John Radcliffe Hospital, Oxford University Hospitals NHS 

Foundation Trust (OUH) rather than spread the research focus across a number of smaller building 

service systems; assumed to be oversized. The rationale behind this approach was that greater 

efficiency improvements and hence environmental and costs impact mitigation could be achieved 

through the study of the OUH case, particularly as the scope of this case involved the study of large 

centralised heating and cooling plant similar to that found in most large NHS hospitals, hence, lessons 

learnt from this case research could potentially have a greater impact and benefit, nationally. The 

findings of this study were, therefore, to be presented back to all participating NHS Trusts, at a 

concluding, verification workshop. 

 

4.6.7 Semi-structured interviews 

The hospital case study included semi-structured interviews with a range of decision-makers, 

designers and project managers involved in both phases of the CHP, boiler and chiller replacement 

EPC works. Interviews in respect to this project took place between 15th February 2019 and 10th 

May 2019. Table 4-9 shows the list of participants. 

 

Table 4-9. List of interviewees, in chronological order 
 

Case 
Study/ 
Interview 
No. 

Name and Job Title Date Duration Interviewer 

CS3-P1 Estates Operational Manager 15/02/2019 94 minutes DJ, CE, PG 
CS3-P2 & 
P3 

Senior Operational Estates 
Manager and  Director of 
Estates and Facilities 

15/02/2019 68 minutes DJ, CE, PG 

CS3-P4 Technical Director - 
Contracting Company 

05/04/2019 69 minutes DJ, CE, PG 

CS3-P5 Director of Estates & Facilities                           
(at the project funding and 
initiation stage) 

02/05/2019 81 minutes DJ, CE, PG 

CS3-P6 Regional Director - EPC Main 
Contractor 

10/05/2019 64 minutes DJ, CE, PG 
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CS3-P7 Head of CIBSE Certification 22/05/2019 41 minutes DJ, CE, PG 
CS3-P8 NHSI National Sustainability 

Lead 
04/06/2019 58 minutes DJ, CE 

 

The researchers developed a set of questions before each interview but ran the interviews as freely 

flowing conversations to allow the interviewees to explain their role and influences within the 

building services infrastructure design. Ensuring participants' anonymity also provided space for 

them to talk frankly, particularly where organisational and project constraints were perceived to 

negatively affect the decision-making process. Five interviews were conducted with six participants 

(CS3-P1 to CS3-P6) who were either currently running the hospital or had been involved at the time 

of procurement.   

 

Two further, related interviews were organised with experts outside the immediate project. CS3-P7 

to provide a wider view of the oversizing issue within the building services industry and how best to 

mitigate against this. CS3-P8 to gain an NHS overview of the problem and how best to provide NHS 

managers with the necessary tools to ensure that oversizing of plant and equipment doesn’t impact 

on hospital energy performance and costs, going forward. All interviews were conducted face-to-

face by the first author and at least one other author; notes were also taken, capturing the salient 

points discussed. The interviews provided some useful detail regarding the EPC infrastructure 

project, highlighting key stakeholders, capital and funding challenges, design influences and 

processes, limitations in energy data, project constraints and subsequent operation and performance 

of the building service systems installed. All interviews were recorded, transcribed and analysed 

following a thematic analysis approach. 

 

4.6.8 Document analysis 

The focus of the document review was to determine information such as the project specification, 

project timelines, design considerations, decision processes and the funding options considered.  

System performance post installation and installed capacities were also explored. Four key document 

categories were initially reviewed, these are shown in Table 4-10:  

 

Table 4-10. Table of four key document categories 
 

Document Review 
Site plans and mechanical service drawings 
Project cost information 
Project scope and technical specifications 
Post installation operational performance data  
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The review was carried out using key 'word' searches relative to the areas of interest via a programme 

toolbar, within a PDF reader. Findings from the initial document review raised more questions than 

it did, provide answers. A request for further design and operational data was therefore made to the 

main project contractor ‘Vital Energi’, this data was subsequently made available to the research 

team, once the appropriate authorisations had been granted by Trust personnel. Specific information 

requested from Vital Energi is listed below: 

 
• Annual Gas Consumption Data for the CHP, Combination Boiler and Steam Boilers 

• Monthly performance reports for the CHP and associated plant, to include:   

o Annual Electricity Consumption generated by CHP. 

o Demand Load Profile for the CHP across 12 months. 

• Annual Electricity Consumption data for the John Radcliffe and Churchill Hospitals. 

• Sub metering associated with the underground link to the Churchill Hospital site (thermal 

and power). 

• Sub metering data (electric and thermal) for Electric and Absorption Chillers. 

• Profile of Adiabatic Radiators run time throughout the year and electrical consumption 

profile across 12 months. 

• BMS screen shots of plant graphics pages and an outline overview of the plant control 

strategies. 

• Thermal profile for each of the two Hospital sites. 

 

Where available, information and data requested from Vital Energi was provided to the research 

team. All data was carefully reviewed with an aim to establish the cooling profile of the site, but also 

to determine whether or not the centralised cooling systems installed, were indeed oversized. Based 

on site energy tariffs and the capacity ratings of plant and equipment, engineering calculations were 

undertaken to provide an estimation of the annual energy operating costs of the chilled water system 

components such as electric and absorption chillers, chilled water pumps and adiabatic heat reject 

units. Based on this the stakeholders were analysed and the centralised building service system was 

modelled.  

 

4.6.9 Stakeholder analysis 

Based on information derived from the interviews and the document review, the researchers were 

able to model the project stakeholders, their roles and influences. The stakeholder analysis provided 
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some useful insights into the complexity of relationships and the various motivations and aspirations 

at play. Interesting quotes from different stakeholder perspectives were drawn out of the various 

interview transcripts, all of which are analysed and discussed in Chapter 5 of the thesis. A stakeholder 

diagram was also produced from the information obtained from interview transcripts, this provided 

a visualisation of the various stakeholders, their interdependencies and reporting lines. 

 

4.6.10 Modelling of centralised building service systems 

A detailed engineering systems model was developed illustrating the previous system installation 

alongside the new project installation; this model was produced via Microsoft Word, utilising the 

drawing and shapes applications. Engineering calculations were undertaken based on this model and 

energy data provided by the main project contractor to establish the current system performance 

relative to the previous system. Alternative system designs were then modelled to establish if these 

where likely to provide, more energy efficient, cost effective solutions. Two alternative systems were 

modelled; a dedicated cooling/heating system with power generation and absorption chilling, and 

secondly, a dedicated heating/cooling system utilising electric chillers, with no power generation. All 

models were developed utilising the drawing and shapes applications, within Microsoft Word. 

 

4.6.11 Concluding verification workshop  

Findings and learning outcomes of the research project were presented back to the research 

contributors, including NHS participants, case study specific senior management and project 

technical managers and main contractor representatives on the 1st July 2019 at the Northwick Park 

Hospital, London. Whilst not all participating NHS Trusts were in attendance, the workshop was well 

attended with representatives from four hospital Trusts, together with the case study main 

contractor ‘Vital Energi’ as well as all members of the research project team. Presentations were 

prepared and delivered in a Microsoft PowerPoint format. The workshop was recorded via a Philips 

voice tracer device and transcripts were prepared in Microsoft Word. The transcript was initially skim 

read to identify interesting and relevant themes. Topics of interest were read in greater detail and 

then followed up by key word searches via the Microsoft Word programme toolbar to capture similar 

or related topics, as well as any contributory feedback provided by workshop participants; key 

themes and observations from the workshop are considered and discussed in Chapter 5. 
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4.6.12 Continuation study of site data and an alternative chiller design   

On completion of the funded CDBB research project, additional non-funded research was undertaken 

at the JRH looking in greater depth at the site chilled water demand data together with the system 

components and capacities. This supplementary research study was considered essential to 

determine the site cooling demand requirements, and the energy performance of the installed 

‘overcapacity’ chilled water system, but also to provide a reliable model comparator against which 

an alternative improved chiller system could be based. The additional study required further data 

requests from the Trusts main contractor, Vital Energi in respect to chilled water demand profiles, 

but also an additional site visit to capture further technical details of the installed chilled water 

system. 

 

Additional information in respect to cooling water demand data was requested whilst attending the 

hospital site on February 13th 2020, this data was subsequently provided by Vital Energi via email in 

a Microsoft (MS) Excel format. A screen shot of the Microsoft Excel spreadsheet together additional 

columns providing data analysis is illustrated in Figure 4-15. This site visit included a plant room tour 

and discussions with the Senior Operational Estates Manager, that enabled the capture of 

information regarding the hospital building service system design, individual system components, 

their capacity ratings and operational interdependencies. Analysis of the cooling demand data was 

undertaken, as was relevant engineering calculations to obtain a best estimate of current energy 

consumption consumed by key components of the chilled water system.   

 

 
 

Figure 4-15. MS Excel screen shot illustrating 8 hours of chilled water demand data and analysis 
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Following on from the analysis of the installed system, it was possible, based on the knowledge and 

experience of the thesis author holding CIBSE Chartership in the field of building services engineering, 

to provide a high-level conceptual design of an alternative chiller system, and compare the 

anticipated energy consumption of this design, using simple engineering calculations, with the 

calculated analysis outcomes of the existing system. This exercise was intended to aid discussion of 

the two system designs and enable conclusions to be drawn. System models were drawn using a 

software tool Visual Paradigm, 2020 and engineering calculations were prepared manually using 

written notes and a scientific calculator. The outcomes and findings of the study are documented in 

detail within Chapter 6, sections 6.5.2, 6.5.2.1 and Appendix C. 

 

4.7 Ethics approval  

Research in the NHS is strictly controlled, hence, the fundamental requirement for ethical research 

is to protect both the research participants and the researcher. Ethical issues are particularly 

important where vulnerable groups are involved, such as those suffering illness and with mental 

health disorders. As research interviews were necessary for the research of this thesis, an application 

for ethics consent was made to the Open Universities, Human Research Ethic Committee (HREC). The 

response back from HREC suggested that the proposed research was considered low risk due to the 

non-clinical nature of the research, whereby any human interaction would be limited to NHS support 

staff such as those from Estates, Finance and Procurement. The research of this thesis would also 

require interviews to be undertaken with building service industry professionals and NHS leaders, 

this also was considered low risk due to the topics of discussion being generally limited to the theme 

of energy management and the design and operation of hospital building services systems. HREC 

confirmed that full ethics approval would not be necessary and a research reference number ‘1838’ 

was issued on the basis that once interview participants had been identified, prior to interviews 

taking place, appropriately worded consent forms would need to be signed by research participants. 

Consent forms were issued to each research participant at least one week prior to the interview date 

along with a semi-structured questionnaire, where relevant. An example consent form is provided in 

Appendix A. 

 

An ethics consent application was also made in respect to the funded CDBB research project 

‘IMMEDIATE’, again the project was considered low risk due to the building services engineering 

nature of the research; consent was granted by the Open University on 8th January 2019. Bespoke 

consent forms were again issued to all research participants ahead of the interview dates, these 

provided an overview of the research problem that the project was aiming to address, details of how 
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the research was funded and an introduction to the research team. The consent forms also informed 

participants of the likelihood that the research interviews would be recorded and transcribed for 

analysis, and how this information would then be used and stored. Prior to the interviews 

commencing, participants would be asked to sign and date the consent form. On completion of the 

interviews, consent forms relevant to the broader thesis research were submitted to the Open 

University Ethics Team; copies of which were also archived within the author’s cloud based Zotero 

drive. Consent forms relative to the funded project were issued to the CDBB. 

 

4.8 Research evaluation 

Besides the three case studies the research also gathered wider evidence to evaluate the arguments 

put forward in the thesis. This had two elements; two workshops with energy managers to establish 

whether the analysis of barriers to energy management is comprehensive, the outcomes of which 

are described in (section 7.2) and a practical study of a hospital ventilation system (see section 8.8.1).  

 
Two evaluation workshops were undertaken at the NHS, Eastwood Park Training Centre on the 

evenings of 21st November 2017 and 13th March 2018.  The workshops formed part of a two-day 

course relating to Energy Management and Sustainability Principles for NHS Energy Managers and 

were delivered by the thesis author, and the Lead for NHS Sustainability. Each course included a two-

hour session to tease out the current NHS understanding and opinion of the ‘Barriers to Effective 

Energy Management’ as perceived by the energy managers, the output of which would help address 

the first research question – What are the barriers to energy efficiency in hospitals? A total of 7 

delegates attended each of the two courses from various UK NHS hospitals. A classification of barriers 

based on the literature was presented to the participants. The groups of delegates were asked to 

mark-up “post-it” labels with their thoughts on the various barriers to effective energy management, 

and to place these labels under the proposed headings. Further details are provided in section 7.2. 

 

A final study was to establish the operational costs of an oversized ventilation system, this was 

undertaken during April 2017 at a North West London Hospital. This involved a technical review of 

the system, using calibrated instruments to determine system air flow measurements, electricity 

power readings of the fan motor, the collation of equipment data such as belt and pulley ratios and 

the synchronous speed of the drive motor, and the spatial dimensions of the outpatients department 

being served. A review of relevant literature was also undertaken to establish the necessary 

requirements for critical ventilation systems. The outcome of measurements taken and observations 

made were subsequently used to determine the efficiency and costs of the oversized system, using 

simple engineering calculations; these are presented in (section 8.8.1). 
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4.9 Summary of data sources 

The chapter discusses the use of various research methods and data sets designed to address the 

four research questions of this thesis. Figure 4-16 provides an overview of the various data sources 

and maps these to the relevant research questions.

 

 
Figure 4-16. Data sources mapped to relative research questions 
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Chapter 5  
Case Studies  

 

5.1 Rationale for the selection 

All three hospital case studies were conducted at acute NHS hospital sites. The author during his 

professional practice has worked alongside all three case study organisations in his capacity as an 

energy-engineering consultant. The order of case study selection reflects the authors work activities 

and engagement with each of the Trust’s during the various stages of his research study. The initial 

case study at NUH lead onto the second case study at RSUH due to the movement of senior 

management from one organisation to the other. Realising the benefits of the first case study, the 

senior estates managers invited the author to undertake energy management research at the second 

case study site. The third case study was selected after the CDBB research launch workshop following 

deliberation with participating researchers, when it was decided that a large potentially oversized 

cooling system at the JRH in Oxford would be the focus of the funded research.   

 

5.2 Nottingham University Hospital – Case study 1 

This case study investigates the challenges facing an acute hospital Trust, Nottingham University 

Hospitals NHS Trust (NUH), in delivering healthcare whilst reducing energy consumption. Formed in 

2006, NUH is now one of the biggest and busiest acute Trusts in England, employing 14,500 staff. The 

estate comprises two large sites, 1970s Queen’s Medical Centre (QMC) and Nottingham City Hospital 

(NCH) with a range of buildings from Victorian to modern. An additional smaller site called Ropewalk 

House exists solely for out-patient appointments and for the purposes of this study is excluded from 

the research. The mix of energy use combines coal, gas and electricity and these are managed by 

both internal and external teams and contracts. In a context of unprecedented financial pressures 

and increasingly stringent emissions targets, the Trust takes its social and environmental 

responsibilities seriously. 

 

5.2.1 Queens Medical Centre (QMC) 

The Queens Medical Centre (QMC) is the main Accident and Emergency (A&E) site providing care to 

the 2.5million residents of Nottingham and wider communities. Additionally, the site includes the 

East Midlands Major Trauma centre and the Nottingham Children’s Hospital, serving a further 3 to 4 
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million regional residents. The Emergency Department was originally designed to accommodate an 

average of 350 patients per day, however, it now regularly receives 550 patients per day76. 

 

 
Figure 5-1. Map showing location of the Queens Medical Centre 

(Source: Google Maps 02/11/14) 
 
QMC comprises a single, purpose-built 1970’s building and Figure 5-1. Map showing location of the 

Queens Medical Centre Figure 5-1 shows how the footprint is constrained by the city-centre site, posing 

challenges for development; future development could only be implemented by expanding upwards. 

The primary energy source is a Combined Heat and Power (CHP) unit that is coming to the end of a 

12-year management contract. The current Building Management System (BMS), which allows 

control of heating and cooling needs throughout the site, is original to the 1970’s build and is 

therefore also reaching the end of its useful life. Future plans for improving BMS will enable a 

reduction in the CHP capacity, therefore reducing the energy consumption on site. 

 

5.2.2 Nottingham City Hospital (NCH) 

NCH is a 96-acre site with multiple building types, ranging from listed Victorian to modern new build, 

see Figure 5-2 for location map and building layout. The services provided are planned care, including 

 
76 Nottingham University Hospitals (NUH) NHS Trust (2014) Annual Report and Accounts 2013/14, NUH and 
http://www.nuh.nhs.uk (Accessed on 17/10/14) 
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the cancer centre, heart centre and stroke services. Two thirds of the buildings are supplied with 

steam-heating and hot-water produced by on-site, ageing coal-fired boilers. The remaining energy is 

supplied direct from the grid, via the Government Procurement Service (GPS) tendered contracts. 

Additionally, the Trust runs an internal laundry service from this site, which is energy intensive. 

 

 
Figure 5-2. Map showing the location of Nottingham City Hospital 

(Source: Google Maps 02/11/14) 
 

Substantive effort has been made by the Trust over recent years to develop their energy 

management systems and governance. However, with the current investment pressures associated 

with the NHS, there is a concern that the momentum built in delivering energy efficiency projects 

may be lost. The case study reviewed the Trust energy management and governance systems. 

 

5.2.3 Energy management overview 

NUH spent in the region of £11.1m on energy consumption during 2011/12; based on today’s energy 

tariffs this would have increased significantly by at least 60% over the past decade77. This budget is 

overseen by a full-time Energy Manager, whose primary role is to validate the Trusts’ utility invoices. 

Additional revenue and capital resources are available. Energy reduction measures are applied to 

routine maintenance practices in addition to distinct projects. However, funding is competitive 

 
77 Energy tariffs available online at: https://www.businesselectricityprices.org.uk/historical/ (Accessed on 16/02/21) 
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within the Trust and allocated by department. The estates maintenance backlog is currently running 

at £95m.   

 

Energy and sustainability management at NUH are two distinct functions. Figure 5-3 illustrates the 

organisations current energy management structure within the Estates and Facilities Management 

Directorate (EFMD). It shows that the Energy Manager is part of the Estate Manager’s remit, while 

the Sustainability Manager reports to the Head of Regulatory Compliance. Figure 5-4 illustrates wider 

governance arrangements at the Trust. All internal documents provided by the Trust are clearly 

marked with a ‘double’ black border. 

 

 
 

Figure 5-3. Organisational chart for the Estates and Facilities Department 
(NUH NHS Trust 2013 Internal Document) 
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Figure 5-4. Energy management and sustainability governance structures at NUH 
(Source: NUH Internal Document) 

 

5.2.4 Research focus and questions 

To gain an in-depth knowledge of the energy management function at NUH a range of research 

methods were employed, as explained in section 4.4, addressing the following questions: 

 

• How effective and useful is the Carbon reporting methodology adopted by the Trust?  

• How effective is the Trusts’ approach to the Energy Management and Governance? 

• Are there new practical options that could be considered by the Trust in order to achieve 

better energy performance and hence reduce the Trusts’ Carbon Footprint? 

The initial interviews in February and March 2013 with four members of staff and subsequent 

analysis of interview transcripts addressed decision-making processes within the Trust, the 

challenges and pressures relating to management and energy management strategies. 

 

5.2.5 Governance 

The governance and decision-making process was seen as having both positive and negative traits. 

Key decision-makers at Board-level were supportive of projects where they could “genuinely see a 

good investment” (CS1-P2). This included the Chief Executive who, was described as “by his own 

nature, is a greenie, is a tree hugger” (CS1-P2) and has also attended a presentation at the Sustainable 
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Development Group (CS1-P3). Conversely, the multi-layered decision-making process (Figure 5-4), 

was seen as presenting difficulties, because projects required to overcome multiple hurdles before 

approval.  The team “have to first drag them through our governance system” (CS1-P4) and “in terms 

of the bureaucracy we’ve got to go through within our own organisation, this is how we get to the 

top eventually” (CS1-P1). There was also the sense that estates projects, including energy reduction 

investments, were not prioritised; “they see that coming from estates and they just think, here we go 

again” (CS1-P1) or “we tend to be the afterthought, which you would expect really wouldn’t you” 

(CS1-P2). 

 

5.2.6 Energy barriers  

The barriers to energy efficiency will be reported following the classification of Schleich and Gruber 

(2008), see section 2.2.2. Whilst the Schleich and Gruber classifications are relatively narrow in 

context, comparisons against these barrier classifications are discussed in a broader context 

throughout the thesis. For example, where Schleich and Gruber (2008) relate ‘capital constraints’ to 

“restricted access to capital markets” this classification will be discussed in a wider context to include 

‘all’ capital constraints relative to the case study organisations. This philosophy will apply to each of 

the five classifications presented. 

 

5.2.6.1 Access to capital investment and transaction costs 

Cost is the overarching barrier to implementation of energy efficiency measures, either directly in 

competition for limited funding, or through transaction costs and related risks. In terms of capital 

investment, attaining support was perceived as difficult. “It will always be a battle, yes, because again 

we’ve only got a limited amount of capital” (CS1-P1), “it has to compete like anything” (CS1-P2) and 

“budgets are always so very, very tight” (CS1-P2). Accessing capital investment funds is also changing 

in light of the new NHS structure. How these impacts will affect NUH is still unclear. Transaction costs 

were also a limiting factor in energy reduction investment schemes. There were tensions between 

the need to provide the required technical and financial information to enable project approval and 

the project budgets themselves. Consultancy fees eat into improvement resources. “There seems to 

be a little bit of a problem in regards to if we need money to do a feasibility study to bring someone 

in, tell us a bit more of how we are going to get those monies particularly at these times when we 

have financial constriction” (CS1-P4).  
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5.2.6.2 Organisational and behavioural constraints 

Schleich and Gruber (2008) point out that if “access to the capital market is constrained, the 

allocation of funds within an organisation becomes even more important”. This applies to the NUH, 

where the Estates and Facilities Management Directorate was undertaking an out-sourcing 

competitive tender process. There were two main factors that affect this perception of the EFMD. 

Firstly, the EFMD is tackling an aged and problematic estate, with some buildings due to be 

demolished and therefore not worth significant investment or maintenance. “Until a refurbishment 

plan comes in place for it, then it’s like we’ll just keep it ticking over” (CS1-P2). Secondly, there is also 

the recognition that the EFMD is the place where all maintenance requests, problems and complaints 

are directed. “Even if we had the greatest BMS system at Queens and they actually did to the 

compliance levels that the NHS should be, we would still get complaints” (CS1-P1). 

 

Contrastingly, the behaviour change programme, “Little Changes, Big Impact”, which aimed to 

engage Trust staff throughout NUH in reducing energy consumption, was seen as a positive step. It 

had motivated approximately 200 Trust employees to become energy and environmental champions 

(CS1-P3). However, the programme had stalled, with the dedicated website no longer functioning 

and limited contact with the champions’ network. Supporting and maintaining this awareness 

programme may help alleviate some of the negative perception of the EFMD.  

 

Many documents concerning energy usages, see Table 5-1, were not known beyond the EFMD; “if 

you went and spoke to some of my clinical managers, they wouldn’t even know that there was a 

Sustainable Development Policy” (CS1-P2). However, NUH was due to amalgamate the majority of 

these documents into a board-ratified Sustainable Development Management Plan in line with NHS 

SDU recommendations. 

 

5.2.6.3 Bounded rationalities  

Constraints of both time and funding lead to planning for energy reduction to be based upon internal 

calculations as opposed to full feasibilities; “part of the frustration is that some of those things might 

require a lot of resources to provide the reassurance” (CS1-P4). The rising cost of energy and the 

Carbon Reduction Commitment (CRC) carbon tax scheme have led to a greater awareness and 

increased priority of energy reduction. The EFMD trained the finance team on the initial phases of 

carbon accounting, which was well received.  
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5.2.6.4 Uncertainty and risk 

While NUH was planning to rationalise their services, with the majority of treatment at QMC being 

emergency and intensive care medicine and planned treatment delivered at the City Hospital site, 

this remains highly uncertain. “Rationalising the sites has always been talked about, then in the next 

breath we need to increase by four or five wards” (CS1-P2).  “Unfortunately, the NHS suddenly 

changes every year… the estate strategy is only two years old. There are certain things now that aren’t 

actually happening” (CS1-P1). The future of the EFMD itself is also uncertain. “There’s been a bit of 

uncertainty about what is going to be the estates development because the Trust is a changing place 

and so on. Buildings that we thought we were going to get rid of are now, oh wait… we need space 

and it might not be cost effective to build a new one” (CS1-P4). It was still unclear whether the South 

Corridor accommodation will be refurbished or demolished.  

 

The EFMD has not yet properly accounted for the risks associated with climate change. The Estates 

Strategy only planned until 2022 and had been outdated by current events and service 

developments. However, some weather-related planning had been undertaken due to the sites 

proximity to floodplains (CS1-P2).  

 

Technological changes in relation to healthcare do have significant impact on attaining energy 

management targets. These are often delivered for clinical reasons, with little or no consideration of 

EFMD goals. In one example, increasing provision requirements for radiotherapy have entailed the 

installation of new Linac (Linear Accelerators) for cancer care, in turn significantly increasing the 

energy consumption within the service. “Linacs pull a hell of a lot of energy but it’s a Government 

target for the Linacs that we need to see this many people, therefore we’ve had to build them” (CS1-

P1). Driven by patient confidentiality another technological improvement saw a switch from static 

white boards for patient information to electronic boards. “This thing’s consuming energy 24 hours 

a day, seven days… we went from something that was static to 100 of these things right across the 

Trust” (CS1-P2). 

 

5.2.7 Energy consumption data 

Data and evidence relating to energy consumption is collated and reported on internally and 

externally by NUH. External reporting is collected via the NHS SDU and ERIC (see section 4.4.4). In 

addition, the Carbon Reduction Commitment (CRC) scheme requires reporting of consumption to 

deliver reduction targets. Internally, data is reported to various committees, primarily using 
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consumption and cost data over specific time periods to show trends and anomalies. “This is 

produced for the Performance Team, we don’t go into all the normalisation stuff, we just go into the 

actuals” (CS1-P1). Examples of data reporting are provided below in Table 5-1 and Figure 5-5. All 

internal documents provided by the Trust are clearly marked with a ‘double’ black border. 

 

Table 5-1. Internal reporting of energy consumption showing annual changes 
(Source: NUH Trust Energy and Emissions Information System) 

*Site Heated Volume (m³) figures 10/11 & 11/12 have been assumed the same as 09/10 
 

Site Site Heated 

Volume 

(m³) 

Electricity 

Consumed 

(GJ) 

Gas + Coal 

Consumed 

(GJ) 

Electricity 

Performance 

(GJ/100m³) 

Gas 

Performance 

(GJ/100m³) 

Current 

Overall 

Performance 

(GJ/100m³) 

City Campus 

07/08 499,715 83,595 253,198 17 51 67 

08/09 300,553 83,843 266,634 28 89 116 

09/10 347,205 85,693 271,677 25 78 103 

10/11 *347,205 88,719 288,369 26 83 109 

11/12 *347,205 88,869 259,318 26 75 100 

Queen Medical Centre 

07/08 414,911 142,188 589,286 34 142 176 

08/09 413,735 139,157 547,683 34 132 166 

09/10 384,291 144,039 525,836 37 137 174 

10/11 *384,291 143,949 512,186 37 133 171 

11/12 *384,291 144,677 588,886 38 153 191 
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Figure 5-5. Graph showing energy consumption trend data 

(Source: Internal NUH Trust document) 
 
 

The NUH data reporting problems are part of the wider pattern. Conversations with the NHS SDU 

also uncovered challenges they faced when analysing the data submitted to them78. The limited data 

supplied was unable to show the trends across the NHS in moving towards renewable energy sources. 

In related areas, including sustainability, headline regional mapping is produced to show areas that 

are improving79. However, these also have wide percentile brackets and are produced at regional 

level, limiting the ability for Trust specific comparison, benchmarking and analysis. The interviewees 

saw comparisons and benchmarking between Trusts as a useful tool for reporting progress at Board 

level. The energy targets derived by the Department of Health for healthcare building energy 

performance were, however, seen as arbitrary when viewing the variety of services delivered by 

hospitals; “the benchmark should be modified to take into the consideration the kind of services that 

are provided at those particular trusts” (CS1-P4). Both the number of patients using services and the  

equipment utilised, were considered as potentially useful in providing detailed energy intensity 

targets across service lines. “It would be a good idea to contact the different radiotherapy 

departments or medical machine departments in several trusts and ask about the kind of energy 

intensive equipment they have. And getting some information about what is a typical consumption 

and so on” (CS1-P4). The main challenges in delivering this approach would be the required level of 

 
78 Email correspondence and conversations with the NHS SDU – 29/05/2014 
79 NHS SDU (2013) Area Team Maps (Source online: http://www.sduhealth.org.uk/resources/default.aspx?q=team+maps 
(Accessed on 04/09/14) 
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sub-metering to obtain consumption data; “we’ve not got the level of sub-metering to be able to 

focus on key areas, we are still seeing it as an overall” (CS1-P4).  

 

5.2.8 Potential improvement in the NUH 

Whilst initial observations gave the impression that the Trust employed a proactive approach to 

energy management and governance systems, on closer examination, it is evident that significant 

improvements could be made. Improvements could include refining decision-making and 

governance processes in respect to energy and sustainability management, improving 

communications amongst staff members, amalgamating energy policy documents to help ensure 

differing documents don’t contradict and adopting new technological improvements to support 

improved energy efficiency. However, these suggestions do not tackle the immediate pressures of 

limited Trust finances. 

 

This case study suggests that consideration should be given to using regression analysis on energy 

data and patient information rather than using floor area as a benchmark. This might also be better 

understood by non-technical Board decision-makers and provide more useful benchmarking 

between differing Trusts as well as allowing comparisons between different medical disciplines. This 

approach would need good sub-metering to define energy consumption, which was not available 

within the Trust. As hospital priorities are patient-focussed positioning energy reduction using 

technical targets, may not be seen favourably or as a necessity. Future research case studies should 

also include conversations with higher level decision makers and those outside of an estates field. 

This would present a clearer picture of the challenges facing Trusts and areas in which clinical or 

other pressures may benefit from data and information. 

 

5.2.9 Key findings from case study 1 

• Barriers to energy efficiency identified during this case study aligned with those of similar 

research within the private sector (Schleich and Gruber, 2008). 

• The multi-layered decision-making and governance processes impacted on the Estates ability 

to affectively gain approval for energy efficiency projects, whereby, clinical needs were often 

prioritised. 

• Improving communications amongst staff members would likely improve energy 

management outcomes. 
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5.3 Royal Stoke University Hospital (RSUH) – Case study 2  

This case study aimed to investigate the relationships of key stakeholders, decision processes, 

governance systems and barriers to efficiency within the specific context of energy management and 

their effect on the energy performance of the organisation and its buildings. This case study intended 

to determine how decision-making processes and governance systems can be improved. 

 

The RSUH along with a smaller County Hospital forms the basis of the University Hospitals of North 

Midlands NHS Trust (UHNM). This case study, however, only focuses on the main hospital site located 

in Stoke on Trent. The hospital is one of the largest in the country and a major local employer with 

over 6,000 staff. The Trust provides a full range of general acute hospital services for approximately 

700,000 people living in and around Staffordshire and beyond as well as specialised services, such as 

trauma care, for three million people in a wider area, including neighbouring counties and North 

Wales80. The location and building layout of the Royal Stoke University Hospital is shown in Figure 

5-6. 

 

 
Figure 5-6. Map showing the location and building layout of the Royal Stoke University Hospital 

(Source: Google Maps 24/02/21) 
 

 
80 UHNM Organisation, source online at: https://www.uhnm.nhs.uk/about-us/our-organisation/ (Accessed on 
24/02/2021) 
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The first hospital on the site, known as the Parish Hospital, was completed in 184281. This facility 

evolved to become the London Road Hospital and the Institution by the early 20th century became 

the City General Hospital in 194582. The hospital joined the National Health Service in 194883. It is 

now part of the UHNM as it is today (formally the Mid Staffordshire NHS Foundation Trust). New 

facilities on the City Hospital site were procured under a Private Finance Initiative (PFI) contract, see 

section 4.5.1. Site works designed by Ryder and HKS and constructed by Laing O’Rourke at a cost of 

£370 million were commenced in 2009 and completed in August 201584. As the Trust is only part PFI, 

this has led to some complexity regarding soft and hard Facilities Management (FM), including energy 

and sustainability. 

 

5.3.1 Energy management overview 

The Royal Stoke University Hospital spent £4.98m on energy consumption (gas and electricity) during 

2014/15. The Trust has dedicated Energy and Sustainability Managers within the Corporate Services 

Department. The governance structures across the Trust have seen significant change during the PFI 

agreement negotiations and implementation. The current governance structures are shown in detail 

within Figure 5-7 and Figure 5-8. Figure 5-7 provides an overview of the personnel structures with 

the Corporate Services Department, whereby, the energy management function at the Trust is under 

the wider remit of the Sustainability Manager that has a direct report to the Head of Sustainability. 

Figure 5-8 provides an organisational hierarchy of the energy and sustainability governance 

arrangements, from small functional stakeholder groups to the Trust Board. All internal documents 

provided by the Trust are clearly marked with a ‘double’ black border. 

 

 
81 The Parish Hospital, source online at: http://www.thepotteries.org/tour/020.htm (Accessed on 24/02/2021) 
82 London Road and City Hospital, source online at: http://www.thepotteries.org/tour/020.htm (Accessed on 24/02/2021) 
83 The City Hospital joins the NHS, source online at: https://en.wikipedia.org/wiki/Nottingham_City_Hospital#History 
(Accessed on 24/02/2021) 
84 UHNM Internal Report, source online: 
http://moderngov.staffordshire.gov.uk/documents/s88720/UHNM%20Self%20Assessment%20Report.pdf (Accessed on 
25/02/2021) 
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Figure 5-7. Organisational chart for Corporate Services 

(UHNM NHS Trust 2015 internal document) 
 

 
Figure 5-8. Governance Structure for Energy Management and Sustainability 

(UHNM NHS Trust 2015 internal document) 
 

5.3.2 Research focus and questions 

This case study focusses on the governance and decision-making process and barriers to energy 

efficiency within an acute hospital Trust. Decision making in healthcare found varying levels of data 

and evidence-based policymaking at senior levels of organisations (Smith et al., 2013). It was unclear 

how well area-level organisations set priorities based on local and changing needs and whether they 

used specific tools to provide the ‘correct answer’ and ensuring accountability, transparency and 
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involvement with local populations (Robinson et al., 2012). The main driver for senior decision-

makers is patient outcomes, therefore non-clinical investment decisions can be more difficult to 

justify.  

This study addressed a number of key questions: 

 

• What are the key barriers to effective energy management? 

• How do Trust Governance structures and policy implications impact on energy 

management decision making such as energy efficiency investment? 

• Are there better technological infrastructure options that could be considered by the Trust 

in order to achieve better energy performance? 

 

Two of the interview discussions highlighted a potential issue regarding an oversized centralised 

boiler system. The Estates Operation Manager commented that they had “three seven megawatt 

boilers and just one boiler will do the whole site” (CS2-P3). The Trust Energy Manager mentioned that 

they have “three eight megawatt output boilers and the total site load is five or six megawatts” and 

“an over sizing of the boiler house is causing the site to be a little bit less efficient than should be really 

– probably a lot more inefficient than it should be” (CS2-P4). This raised further very specific 

questions: 

 

• Is the boiler system actually oversized or was this just the perception of Trust staff? 

• If indeed oversized, what was the design rationale for this? 

• Could the potential oversizing issue result in reduced efficiency and site energy 

performance?     

 

In order to answer questions directly associated with the boiler system, two additional interviews 

were undertaken, the methodology of which is described in detail in section 4.5.3. 

 

5.3.3 Governance 

Internal Governance, upon which the Trust is run, is also dependant on external governance of the 

NHS at large. 
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5.3.3.1 Internal governance 

UHNM Trust resulted from the integration of the former Mid Staffordshire NHS Foundation Trust 

with the University Hospitals of North Staffordshire in November 2014. At the time of the case study 

in January 2015, a large number of policies and procedures were still to be merged. The change in 

governance coupled with a decade of mixed PFI and retained estate significantly impacted energy 

management governance structures within the Trust. 

 

All participants discussed the flux in internal decision-making processes over recent times. The 

significance of the PFI project, strongly resonates throughout the Trust structures, affecting the 

responsibilities for infrastructure, maintenance, energy monitoring and targets. According to the 

Estates Operation Manager the divide of responsibility between the Trust and PFI owned building 

stock is well defined “I head up the maintenance side of the estate… My responsibility is looking after 

the retained estate part. I don’t look after the PFI but I do act as an informed client for them to contact 

the Performance Management team about technical issues that are occurring on the PFI side of the 

site … it is only recently that the Trust governance structures, and processes have been finalised and 

are beginning to bed in” (CS2-P3). 

 

Variances in energy management between retained and PFI estate were also highlighted. This was 

going through change as the Trust side Energy Manager was now taking responsibility for strategic 

energy management across the entire estate, including the PFI buildings (CS2-P1). The procurement 

of energy was transferred to the PFI energy management structures resulting in a clear split of 

responsibilities associated with day-to-day, energy management practices. The DoH set a key target 

for energy consumption of 55GJ per 100m3 of heated space. However, the PFI contract stipulates 

that “the building’s got to hit that target as long as the degree day data is within 3% of the 20 year 

average over a two year period…. “. “That hasn’t happened yet because the degree days have been 

miles over, because March 2013 was cold” (CS2-P4). This contract ‘clause’ clearly delays the ability to 

set an energy baseline in respect to the PFI buildings, whereby the reliance on two years average 

weather data is necessary; “So the next stage is where we say… right we’ve had a relatively normal 

weather period for two years, it’s used this much energy… it was designed to use this much energy, 

so what are we going to do about it?” (CS2-P4). 

  

The Trust had just appointed a new Head of Environmental Sustainability, who was working on a 

Sustainability Development Management Plan (STMP), which covers the aims and ambitions of the 

organisation and actions necessary to meet these including those for energy management.  However, 
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“there’s not really the Board appetite to drive forward the initiatives” (CS2-P1). The Board-level 

interviewee (CS2-P9) commented that “during the PFI contract negotiations and building energy 

management was considered, but that it was not currently, there were a number of distractions like 

the merger… and our A&E issues and all the rest of it” (CS2-P9). Building service maintenance and 

therefore energy management, does not feature in Board discussions now and is perceived as an 

aside. This impacts strategic decision-making and thus assertive action to implement energy 

reduction projects is currently limited.  

 

5.3.3.2 External governance 

The internal changes have gone hand in hand with successive structural changes to the health 

governance landscape by central government. Most recently, the transfer of health service funding 

from Primary Care Trusts (PCT’s) to Clinical Commissioning Groups (CCG’s). 

 

There has been a lack of engagement with external stakeholders “there has been a failure to engage 

wider health organisations around this agenda; Health and Wellbeing Boards, the Council and 

Community” (CS2-P2) which the  Head of Environmental Sustainability was tackling. 

 

When energy reduction targets were viewed as important by higher-level bodies, such as 

Government departments, this was translated into action across the hospital Trust (CS2-P2). With 

energy and wider sustainability measures and targets becoming increasingly diluted under the 

political leadership at the time of this case study research, this inertia had also seeped into 

organisational behaviour. “At some point in the last few years energy conservation targets to be 

achieved was quite a high priority in Government terms. So there was more discussion at that point 

as to how we would get ourselves to the position that we should be in” (CS2-P9). The Care Quality 

Commission85 and NHS Premises Assurance Model (PAM)86 are other external regulatory factors that 

influence the day-to-day operation of the Trust, including aspects of energy and sustainability 

management (CS2-P3). 

  

5.3.4 Barriers to energy efficiency 

It is of interest that, despite the different scenarios at each NHS Trust, the barriers are broadly 

consistent in their groupings proposed by Schleich and Gruber (2008). However, there is in practice 

 
85 The Quality Care Commission, source online at: https://www.cqc.org.uk/ (Accessed on 1/03/2021) 
86 NHS PAM, source online at: https://www.england.nhs.uk/nhs-premises-assurance-model/ (Accessed on 1/03/2021) 
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some overlap between these groupings. For example, access to capital and transaction costs are 

closely linked with risk factors and bounded rationalities; this may also impact on design margins.  

 

When asked to reflect on the greatest barrier to energy efficiency within the Trust, the Clinical Board 

Member commented “I think one of the things was really lack of knowledge and lack of impact” (CS2-

P9). Better education, engagement and promotion of energy and sustainability related activities to 

clinicians and senior management, are likely to improve Trust stakeholder awareness and raise the 

profile of energy conservation. 

 

5.3.4.1 Access to capital investment and transaction costs  

Financial constraints continue to be a major barrier to the implementation of energy reduction 

measures, despite a growing urgency to meet national mandatory energy consumption targets. 

Unsurprisingly given the tight external funding constraints and the merger of two Trusts, investment 

in energy efficiency projects is normally only considered in the context of upgrades or refurbishments 

of clinical activity areas. All participants interviewed spoke about the lack of capital investment 

overall. “There’s never enough capital to go round. Things are tight at the moment in the NHS, it’s 

worse than normal in terms of capital… As with most Trusts… …we’ve got to make savings” (CS2-P8). 

The Deputy Director of Corporate Services (CS2-P1) echoed this, stating “we’re having a devil’s own 

job in actually securing funding for particular energy improvements and we are starting to look at 

alternative sources of funding so that the Trust can get the benefit of the carbon reductions and other 

energy efficiencies going forward”. This view was backed by the Trust Energy Manager who 

confirmed “there is a desire within the Trust to invest in low carbon technology, energy saving 

technology but financial pressures within the organisation make that very difficult.” (CS2-P4). Whilst 

a clear aspiration for energy efficiency exists within the Trust Estates Department, this did not extend 

to the Trust Senior Management “due to massive clinical demands and the influencing PFI contract 

the Trust Board is not prioritising energy efficiency” (CS2-P3). Senior Estates Managers explored 

effective ways to improve Trust Building stock within the capital budgets available; this has led to the 

refurbishment and reuse of some 1980’s buildings rather than their demolition. “So it was a case of 

how best to eke out as much new development as we could by the financial models we’ve got 

available.” (CS2-P1).  

 

There is some access to external funding. Improvement financed by loans have a delayed effect.  “If 

it’s like a three-year payback we wouldn’t realise any benefit for three years because we’re paying 

back the loan” (CS2-P1). External funding also carries additional risk and complexity such as reporting 
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requirements, haste of application process and timescales for project delivery. This can affect a 

Trust’s ability to access external funding sources.   

 

For the combined heat and power unit (CHP), the Estates team had “worked those business cases up 

probably two years prior to the Department of Health (DoH) monies even being known about” (CS2-

P1). This allowed the Trust to respond quickly to the Department of Health funding. “they just 

randomly announced we’ve got £50m and does anyone want some of it… that was a skin of your 

teeth delivery timeframe” (CS2-P4). Whilst the Trust was successful in gaining funding for the CHP, 

the administration associated with this was not well coordinated “the reporting and evaluation part 

of the DoH funding was stopped due to the lack of available finance ….You’d expect the due diligence 

to be absolute and the reports back in and the investment of £50m…” (CS2-P1). 

 

The Trust Estates Team had also successfully secured £40k from Salix Finance (a 100% interest-free 

loan)87 for LED lighting at the Royal Stoke Hospital site, however, because the Trust had reached its 

Capital Resourcing Limit (CRL – ‘its borrowing limit’) it is currently not able to draw-down on this 

facility. 

 

Energy improvements to PFI facilities can create a need for contract variation, significantly adding to 

the cost, as this runs over the contract lifetime. “Things like the cost of variations shouldn’t be 

something that puts us off which it has done in the past… Let’s put something in to control the lights 

because what you’ve put in is just a manual system, it’s very expensive in terms of energy so we want 

to put an automated system in … I suppose we’ve avoided that because they’ll just say, ok we’ll do 

that, there’s the cost of the variation, crazy money because it’s taken over 30 years” (CS2-P3). 

 

Strategic Energy Management needs to make the explicit link between energy saving and financial 

gain clear, to be successful and become ingrained. The Divisional Finance manager (CS2-P6) 

commented that “clinical schemes… …will have a better payback than an energy ‘invest to save’ 

scheme which will be a three to five year pay back” although energy schemes we viewed as more 

“guaranteed to deliver”.   

 

While the UK Government imposes stringent carbon reduction targets on the NHS, there is very little 

financial support for it, which causes resentment “the Government, set these fairly onerous targets, 

 
87 Salix Finance, source online at: https://www.salixfinance.co.uk/ (Accessed on 22/06/2018) 
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challenging targets going forward. I fully understand and recognise the need to do that but then they 

don’t support it with the right level of available investment” (CS2-P1). 

 

5.3.4.2 Organisational and behavioural constraints  

Due to the financial constraints, estates infrastructure is often allowed to run significantly past its 

designed lifetime. “The NHS is not very good at life-cycling… …the old 30 year old transformer will 

just sit there carrying on” (CS2-P3). 

 

Energy reporting uses traditional built environment metrics. “If anyone can actually understand them 

I’ll be surprised, outside of probably the Estates Department” (CS2-P1). Due to the lack of adequate 

energy sub-metering many of the reporting metrics are very high level; “a lot of NHS organisations 

don’t have the infrastructure to be able to report at discreet levels” (CS2-P1). However, the NHS would 

like to move towards “service line reporting so that each individual clinical service unit understands 

what its real overhead is” (CS2-P1). 

 

Due diligence for the Trust can be difficult; there are limited available staff resources; “with the NHS 

it’s like… I think sometimes they take the mickey a little bit some of the private sector… There’s no 

check in place” (CS2-P2). The Finance Department also has limited time to assess capital investment 

and energy projects sufficiently and it is unclear how and whether projects are evaluated sufficiently 

post-completion. Clinical related projects are very often prioritised over energy efficiency and estate 

infrastructure schemes, “to an extent… …clinical schemes are seen as sexier almost” (Interview CS2-

P6). The impact of new clinical facilities and diagnostic solutions such as MRI scanners on energy 

consumption is very rarely considered within clinical-focused business case development. “I don’t 

even know if they clock every time we have a new piece of technology the energy bills goes up. I don’t 

quite know if it links” (CS2-P9).  

 

Spending constraints for budgets can create problems with longer term planning and is seen as a 

significant issue leading to a ‘feast or famine’ approach to purchasing; “It would be a lot easier to 

know you’ve got that and to be able to plan for it because otherwise you just end up rushing schemes 

in and they end up not being as good as they could have been” (CS2-P4). The NHS financial year runs 

between April and March. Very often funds are restricted until just a few months before for the end 

of the financial year, when during February and March there is a huge emphasis to spend surplus 

funds due to either a realignment of Trust budgets, or an unexpected cash injection by the 

Department of Health. 
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Electricity, gas and oil procurement has historically been purchased centrally through the Crown 

Commercial Services (CCS) formally known as Buying Solutions.  “Historically we’ve always procured 

energy through what use to be Buying Solutions, however, more recently procurement of energy was 

transferred to the PFI energy management structures” (CS2-P7). This separation of energy 

management responsibility away from the Trust Energy Manager has resulted in some significant 

constraints and confusion as to the ownership of billing anomalies and validation. Other than energy 

purchasing “anything that was a building or associated with the architecture or things like that would 

be procured by the Estates Department” (CS2-P7). 

 

5.3.4.3 Bounded rationalities  

There are limits to the amount of knowledge the employees of a Trust hold and external consultants 

are engaged to fill knowledge gaps. This implies trusting that consultants work fully on behalf of and 

in the best interests of the client. 

 

External consultants are used by the NHS to provide a wide range of services. With regard to energy 

management, this can include: 

  

• support with energy compliance requirements. 

• advice with new and existing low carbon technologies.  

• the development of energy efficiency ‘invest to save’ business case proposals. 

 

The Energy Manager made it clear, however, that his experience with the engagement of consultants 

was not always a positive one and that frustrations did arise many times as to the openness and 

transparency of services provided. It is often necessary to estimate or make assumptions about 

certain parameters such as occupancy, operational hours and pre and post project energy 

consumption during the development of energy related business cases due to the lack of robust data 

and information.  The heuristic calculations can only be accepted by the Trust if they are supported 

by appropriate rationale provided by the consultant. “Make assumptions but just say we’ve assumed 

this. Just write what assumptions you’ve made, apply rule of thumb and use case study evidence or 

whatever” (CS2-P4). The Head of Sustainability also raised concerns over the open acceptance of 

advice provided by consultants without any validation being undertaken internally. “there’s no check 

on private sector advice” (CS2-P2), thus potentially putting the Trust at operational and/or financial 

risk. 
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Two of the interviewees were fairly new to the UHNM Trust, having recently moved from the NUH 

(CS2-P1 and CS2-P8). They had previously been interviewed, only 24 months earlier for NUH (CS1-P2 

and CS1-P1). Whilst both had gained a higher position within the new organisation and therefore, 

slightly different roles, they had remained within the Estate Department. Both commented that the 

movement of senior staff members within NHS Estates Departments is fairly common, and that they 

were both aware of many Estates Managers and Directors frequently moving from Trust to Trust in 

order to secure better positions. This high turnover of senior staff members impacts on the bounded 

rationalities. 

 

5.3.4.4 Uncertainty and risk 

The reporting software used by the Trust focussed on clinical risks and does not fully capture risks 

associated with buildings. It is “not the best system because it’s clinically driven, it’s not really good 

for estates” (CS2-P3). The Deputy Head of Corporate Services expressed his concerns over the shared 

risk register, because “NHS Estates engineers in particular, are not good at linking the infrastructure 

to the patient” (CS2-P1). This echoes the earlier observation that the building and building services 

are not viewed in the whole alongside clinical demands at senior level. 

 

The wider risk associated with climate change, which necessitates the need for estate and service 

adaptation, is not fully considered; “I’m not sure, as clinicians we’re acutely aware of something 

that’s having a detrimental impact on people either through climate or energy issues. … It’s not a 

debate for us as an institution. I think individuals may be very concerned about it, read about it and 

take out what evidence they have. It certainly doesn’t play in day-to-day management” (CS2-P9). As 

compliance challenges increase to meet national targets it is viewed as likely to become more 

important in future. 

 

The transfer of assets from public to private sector was also skewed in favour of the PFI partner. 

Poorly performing buildings were excluded from final contracts and buildings earmarked once for 

demolition continue to be heavily used today (CS2-P4). The risk has wholly fallen to the public sector. 

PFI energy efficiency targets carry penalty clauses (CS2-P8) and shift the risk to the retained estate.  

“The Trust is effectively locked-in to the contract” (CS2-P4). 

 

The Head of Sustainability illustrated this with the example of the combined heat and power (CHP) 

unit at the Stafford Hospital (a satellite hospital under the management of UHNM Trust) which was 

not fit for purpose. Due to the tightly bound finance arrangement in the PFI contract the Trust was 
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continuing to pay for the CHP unit, despite the problems. “They’ve bought into a CHP and it doesn’t 

work anymore and it’s never worked. They’re paying on some finance scheme, so they’re paying for 

it each year. I think it’s something ridiculous like £10k per month… but it’s never worked” (CS2-P2). 

More concerning, this was not an isolated case; “it was some pilot scheme, it was at several of the 

hospitals and none of them have ever worked. But they’re tied up to it so it’s completely…” (CS2-P2). 

This example raises many questions as to how best NHS organisations might mitigate against such 

risks, whilst reaching out to private sector organisations for much needed funding.  

 

Another risk comes from long term changes in patient care. There is a lag between the need for 

changes to service delivery, e.g., understanding fully patient care pathways, and how this might 

impact on future requirements from the hospital building. The Clinical Board Member covered this 

in some detail. “The way that medicine’s going in technology is there will be more and more expensive 

techniques which will be a problem if we want to give the best possible care to people … The biggest 

problem is that as the population expands in terms of age, we have to adapt all that to an ever-

increasing population. That’s not even getting into the care issue …. We will have bigger and bigger 

centres linked with services that are currently run in smaller district hospitals failing to provide the 

range of services that they’re currently doing… they’ll be absolutely more pressure on those assets 

being sweated more and more and therefore they’ll have to become more robust and less subject to 

breakdown” (CS2-P9). 

 

5.3.5 Boiler system oversizing 

A reoccurring topic in the interviews was the oversizing of the site centralised boiler system. It had 

been specifically upgraded to meet the requirements of the new private finance initiative (PFI) 

building contract specification. “To meet the thermal requirements of the new PFI development, the 

energy centre then had to be upgraded, something that Trust-side engineering staff didn’t agree with, 

as it already seemed to be rather over dimensioned, having three, 4 megawatt (MW) hot water 

boilers” (CS2-P3). The Energy Manager stated that “someone’s calculated it, passed it onto someone 

else who’s added their margins and someone else and someone else and you’ve ended up with this 

figure” (CS2-P4). As overdesign appeared to be a significant barrier to energy efficiency, a further 

two interviews were organised, one with a Trust-side project engineer directly involved in the boiler 

design scheme and another with an experienced building services design consultant who frequently 

sizes building service installations.  
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The most prevalent types of boiler systems used within UK hospitals are low temperature hot water 

(LTHW), medium pressure hot water (MPHW) and steam systems. The RSUH uses the steam 

generation process predominantly for sterilisation, therefore the steam boilers were not considered 

within the scope of the case study.  The predominant focus of the study was the main LTHW boiler 

system that generates hot water to a district-heating network supplying various buildings across the 

site with space heating and domestic hot water (DHW). 

 

5.3.5.1 Specifics to the oversizing of the Royal Stoke University Hospital boilers  

The original coal fired boilers for space heating and domestic hot water were replaced by natural gas 

boilers. These were in turn replaced in 1998-1999. The Trust entered into a mini-PFI agreement with 

Scottish and Southern to design and build a new energy centre, based upon requirements provided 

by the Trust and PFI contractors. Following integration and contractual issues, the Trust took the 

decision to buy out the mini-PFI with Scottish and Southern and take ownership of the energy centre. 

The design team of the new large PFI took the view that the energy centre then had to be upgraded 

to an increased capacity. This was despite concerns from Trust side engineering team that the 

existing boiler system was already over-dimensioned (CS2-P3). 

 

From the detailed review of 567 boiler upgrade project related documents (see section 4.5.4), just a 

single paper entitled ‘Energy Centre Report’ dated 20th December 2006 provides some evidence as 

to the boiler sizing rationale. The report provided details of the heating load requirement for the PFI 

development, stating a total heat load of 9,513kW was necessary and that this had been based on 

outline design calculations that includes an 8% uplift to account for heat distribution losses. No 

engineering calculations or decision process notes were provided in support of these figures. The 

report also made clear that no heat load allowance had been made for the site retained estate, nor 

the Trust owned maternity and oncology new builds. From interview transcripts, it is understood that 

the final boiler capacity requirement specified by the PFI project team for the ‘PFI development’ only, 

was 12 MW. Despite the Trust engineering team challenging this at the time, the PFI project team 

were adamant and uncompromising. Trust Management sought advice regarding the practical risks 

associated with not meeting their contractual obligation. Key concerns were not providing enough 

heat to the PFI installation and financial penalties imposed on the Trust resulting from the delay of 

the PFI programme. As a result, the 4 MW boilers were removed, and replaced by three 8.2 MW 

boilers, having a total installed capacity of 24.6 MW. An aerial view of the boiler house is provided in 

Figure 5-9 that shows its positioning relative to the hospital site. On the site map in Figure 5-9 the 
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red/brown and dark grey pitched roof type buildings indicate the retained Trust Estate, whereas the 

light grey flat roof types indicate new PFI buildings; all within the perimeter of the site ring road. 

   

 
Figure 5-9. Map showing the location of the centralised boiler-house relative to the site buildings 

(Source: Google Earth 2/4/21) 
 

Discussions with Trust staff (CS2-P3, CS2-P4, CS2-P10) indicate that total current peak thermal 

demand for the RSUH site is between 5 and 6 MW during winter, from a combination of old and new 

Trust retained buildings and newly constructed PFI Estate. A recent addition to the heating system is 

a combined heat and power (CHP) unit that provides a further 1.4MW thermal capacity to the site. 

Photographs of the front boiler-house elevation and the new Hamworthy 3 x 8.2MW Low 

Temperature Hot Water (LTHW) boilers taken during the case study site visit are shown in Figure 

5-10. 

 
Figure 5-10. Front elevation photograph of boiler-house (left) and 3 x 8.2 MW boilers (right) 

Centralised Boiler House 
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The boiler upgrade design was undertaken by an engineering consultancy, engaged by the Hospital 

Trust.  The key influence on the oversizing were the capacity requirements specified by the PFI design 

team, prior to the construction of the new PFI hospital. In addition to the further N+1 redundancy 

factor that was then applied by the boiler house design team (CS2-P10). N+1 redundancy assures 

system integrity in the event of component failure or during maintenance downtime, whereby a 

single boiler ‘N’ is paired with a boiler of matched capacity ‘+1’. Taking into consideration the 

additional thermal requirement of Trust retained buildings, there is a consensus amongst those staff 

interviewed, that the boiler design sizing rational was based on the fact that two 8.2 MW boilers 

would adequately satisfy the anticipated thermal requirement of 16 MW (12 MW for the PFI buildings 

+ 4 MW for the Trust retained buildings) and a third 8.2 MW boiler would provide a N+1 redundancy 

factor, should one of the two duty boilers fail or become unavailable. The existing boiler and CHP 

system arrangement and associated thermal capacity are illustrated in Figure 5-11. 

 

 
 

Figure 5-11. Royal Stoke Hospital Boiler–System - Installed Capacity vs. Site Maximum Thermal Load 
 

Figure 5-12 provides a detailed illustration of the boiler infrastructure developments in chronological 

order showing the step changes from the 1960’s leading up to the time of the case study. The figure 

clearly shows the change in boiler-house location and the significant boiler capacity change in 

2005/06 leading up to the construction of the PFI development. The figure also illustrates the actual 

‘in use’ site maximum load requirements before and after construction of the PFI buildings increasing 

the site capacity from just under 4 MW to 6 MW respectively. For comparison, the total installed 

boiler thermal capacity of the site is also shown which increases significantly from 12 MW to 26 MW 

as a direct result of PFI contract requirements. This amounts to a 20 MW overcapacity on the actual 
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in-use requirement. Even allowing for an element of buffer in order to cover system redundancy 

requirements such as breakdown, this system is still significantly over-dimensioned. 

   

  

Figure 5-12. Boiler infrastructure changes and capacity increases over time 
Source: Jones and Eckert 2017   

 

5.3.5.2 Boiler design stakeholders and project timelines 

As part of the document review a Microsoft Excel spreadsheet was developed to capture and sort 

the various stakeholders involved in the design and installation process and to create the timelines 

associated with their work input. This revealed that 61 stakeholders were involved in this project 

over the course of a decade. The stakeholders include Trust-side and PFI project teams, architects, 

M&E design consultants, equipment installers and commissioning engineers. The various 

stakeholders were categorised according to their specific work task across distinct work phases, 

although it was evident that a significant overlap of work phases did occur. The data also reveals that 

there are significant gaps in activity at the beginning of the project due to the time taken to gain 

project signoff from the Trust and PFI management teams after the initial feasibility studies. Figure 

5-13 provides an illustration of the Excel spreadsheet output. 

 

The Excel spreadsheet allowed for the sorting and filtering of project stakeholders into project 

timeframes and three key work phases (specification, design and tender; the contractor selection 

and installation; commissioning).  
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Figure 5-13. Stakeholder model and commissioning timelines of boiler upgrade project 

 

5.3.5.3 Modelling the design process 

The documents and the interviews were also reviewed to establish the involvement of higher level, 

strategic stakeholders and the decision processes that occurred. This was used to develop a 

simplified model of the process, which is illustrated in Figure 5-14. The process was initiated by the 

NHS Trust based on the requirements of a new hospital building. The Trust selected the PFI 

consortium via a tender process after gaining approval from the DoH’s private finance unit. The PFI 

consortium, made up of a number of private sector organisations (financiers, construction companies 

etc.) nominated a main contractor to design and build the new hospital. The main contractor then 

commissioned, via formal procurement mechanisms, sub-contractors to deliver various elements of 

the construction project. In conjunction with the hospital new build, the design and installation of 

the boiler upgrade, which remained the responsibility of the Trust, was awarded to a building services 

contractor via a formal tender process, to a meet the specific needs of the PFI hospital, as well as 

that of the site retained estate. 
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Figure 5-14. A simplified ‘process model’ of the boiler house project 

 

Operating costs also increase when plant and equipment is oversized. This is due to a reduction in 

plant dynamic efficiency because an oversized plant is permanently operating at lower load than its 

maximum duty point, which leads to inefficiencies often associated with part-load operation. 

Hendrick et al., (1992) state that “a 15% increase in energy consumption is possible if a conventional 

boiler plant is oversized by 150%”. Whilst boiler efficiencies have improved over time, the ratio of 

increased energy consumption versus oversizing remains proportional. 

 

5.3.6 Conclusions of the Royal Stoke University Hospital case study 

The case study highlighted many internal and external governance factors having a significant 

influence on energy management within the UHNM Trust, many of which equally apply to other NHS 

Hospital Trusts. The movement of staff between Trusts, as exemplified by the move of experts from 

NUH to UHMM leads to significant losses of organisational knowledge of NHS Trusts. The RSUH 

shares many of the previously observed barriers to energy efficiency identified during the NUH case 

study. 

 

The overwhelming finding of the case study, however, was the large over-specification of the boiler 

system at the RSUH, currently running at four times the capacity needs of the Trust. This finding is 

worth examining in much more detail. Previous research shows that oversizing is common in energy 

infrastructure, with significant additions of cost for the client (Djunaedy et al., 2011). In particular, 

the case study showed the Trust’s inability to rectify the design, although attempts were made to 

modify the PFI contract. This indicates that the application of some design margins needs to be 

challenged (see also Djunaedy et al., 2011; Bacon, 2014; Peeters et al., 2008). The margins in the case 
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of the RSUH boiler design suggest that a long-term view of healthcare trends was not fully 

considered. Even cautionary capacity assumptions should not deliver an actual capacity design at 

four times requirement. Even assuming that the boiler was sized to meet future requirements, the 

potential reasons behind the decision need to be questioned. These reasons are difficult to predict 

and sometimes conflicting. Two trends would indicate a lessening of requirements: 

 

• The strategic direction for the NHS is for delivery of certain healthcare interventions and 

treatments to be provided in centres more local to the home of patients, and where possible, 

at the patients home (NHS England, 2015).  

• Technology trends are also moving the provision of intensive healthcare treatments away 

from centralised hospitals; for example, the development of home-based renal dialysis units 

(NHS SDU, 2015).  

 

However, there is the possibility that hospital treatment will continue to become more energy 

intensive as continuing advances in medical technology occur.  

 

• Demographic information shows an ageing population, with potentially increasingly complex 

health needs and conditions that require longer-term treatments, again adding to the energy 

load.  

• The impact of climate change could further increase hospital energy use, either through 

increased demand for winter heating and summer cooling, or by increased demand through 

population health risk (Lomas et al., 2012). The health risks for the population are proposed 

in the UK Climate Change Risk Assessment and suggest an increased demand for NHS 

treatment and social care (HM Government, 2012). If retrofit options, such as those 

described by the DeDeRHECC project were implemented strategically across the NHS estate, 

the increased demand for heating and cooling could be lessened (Short et al., 2012 and 

Lomas et al., 2012). 

 

The main reason for the overdesign was the vast capacity requested by the PFI design team to meet 

what they considered to be the necessary thermal load requirements of the new PFI buildings. 

Inflexible requirements of the PFI contract imposed upon the Trust points to a significant contractual 

issue, whereby all risk to meet the thermal requirements of the new PFI buildings was placed upon 

the Trust, regardless of the increased capital cost and energy implications of the design. This raises 

an important question as to why the PFI design team specified a capacity of 12 MW, when in reality 

the PFI development only required a fraction of this capacity after construction of the new buildings. 
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This also raises some fundamental questions regarding the building services and construction 

industry as a whole, which Chapters 6 and 8 will attempt to address: 

 

• Is building service overdesign a widespread issue?  

• Is it commonplace to estimate capacity requirements?  

• If so, what are these estimates based on? What margins are applied during the specification, 

design and installation phases of a building services project? 

• What is the rationale for these margins?  

• Is the scope, size and rationale for each margin recorded and does this correspond with the 

industry guidance and best practice? 

 

The NHS finance system with its annual budget is another likely factor contributing to the overdesign 

of building services systems in hospitals. Very often the availability of additional capital funding is 

only announced and made available by Government during the last few months of the financial year, 

typically January through to March. This impacts on a Trusts ability to effectively plan, design and 

install new or replacement equipment, as needed by early April. 

 

5.3.7 Summary of research contributions – case study 2 

• Barriers to energy efficiency identified and discussed within this case study are similar to 

those barriers in case study 1, in addition to those barriers identified within the private sector 

(Schleich and Gruber, 2008). This suggests that there is a level of commonality between 

hospital Trusts in terms of the barriers experienced, but also that these same barriers exist 

across varying building sectors, suggesting wider issues in terms of energy management 

effectiveness and limitations. 

• External governance factors have similar impacts across potentially all NHS Trusts due to 

central influences such as regulatory compliance, funding limitations and carbon reduction 

target requirements. Internal governance arrangements appear to be vastly different 

between individual Hospital Trust organisations, this can be clearly seen from the 

comparison of Figure 5-3 and Figure 5-4 (NUH) and Figure 5-7 and Figure 5-8 (UHNM). These 

differences within the internal governance landscape are likely to have a significant influence 

and impact on the effectiveness of the energy management function across varying hospital 

organisations. 
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• Energy management and wider sustainability were given insufficient considerations at higher 

management levels within the organisation, thus having a significant impact and impedance 

in regard to the prioritisation and take up of energy efficiency related projects. 

• The PFI and Trust-side energy management structures resulted in a deliberate split of energy 

management responsibilities leading to a greater level of complexity and prevented the 

energy management function from working effectively. 

• The Trust has a boiler system that is oversized by four times the required capacity of the 

hospital site. From an energy performance perspective, the correlation between the 

oversizing and the negative impact this has on operational efficiency and increased life cycle 

costs of the system is important. 

 

 

5.4 John Radcliff Hospital (JRH) – Case study 3 

 
As explained in section 4.6. This case study was part of the ‘IMMEDIATE’ CDBB project. The aim of 

the case study was to investigate the overdesign of the chiller systems and the causes that have led 

to it. The John Radcliffe Hospital (JRH) is Oxfordshire’s main A&E site. It provides acute medical and 

surgical services including trauma, intensive care and cardiothoracic services. The site is around 66 

acres, and includes the JRH, the children’s Hospital, the Oxford Eye Hospital, the Oxford Heart Centre 

and the Women’s Centre88.  The hospital is located within the Headington region of Oxford, East of 

the City. Figure 5-15 provides a detailed view of the location and building layout.  

 

 
88 The John Radcliffe Hospital, source online at: https://www.ouh.nhs.uk/hospitals/jr/ (Accessed on 2/04/2021) 
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Figure 5-15. Map showing the location and building layout of the Oxford Radcliffe Hospital 

(Source: Google Maps 2/04/21) 
 

The study looks in detail at a £50m building services upgrade project, that was considered by the 

Hospital organisation to be significantly oversized. Phase 1 works included the installation of a 

combined heat and power (CHP) unit, a combination boiler and a replacement absorption chiller. The 

case study, however, centres on the ‘Phase 2’ element of the project construction: a large, chilled 

water system upgrade. The sequence of events and project construction timelines; from recognition 

of the need to project completion, including the procurement process for both construction Phases 

1 and 2, are provide in Table 5-2 below. 

 

Table 5-2. Sequence of project work events and project construction timelines 
 

Work Event Project Timelines 

Recognition of need   2010 

Engagement CEF –– initial feasibility 2012 

Procurement 

– Development of the proforma 

– Call for tender 

– Selection of preferred supplier 

2013/2014 

Project sign-off by board   2015 

Construction ‘Phase 1’ commencement   2016 
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Planning permission for pipeline granted Nov, 2016 

Proposal for chiller system upgrade (Phase 2) Feb, 2017 

Phase 1 project completion                              Aug, 2017 

Phase 2 project completion Aug, 2018 

 
 

5.4.1 Research objectives, questions and hypothesis 

The case study had the following objectives: 

1. To ascertain whether the centralised chilled water system was indeed oversized.  

2. To determine the scope of oversizing and the rationale behind the sizing strategy. 

3. To understand the decisions that led to the oversized system. 

4. To establish the benefits of a digital tool to make margins explicit by tracking margins in terms 

of capability and peak loads and capturing the rationale for margins, and displaying them 

clearly, to enable more rational and coherent margin planning. 

5. Design recommendations for designing flexible building services with suitable margins. 

 
The objective 4 was part of the CDBB project and is outside the scope of the thesis. Objective 1 – 3 

are addressed within this Chapter 5, while objective 5 is addressed in Chapter 8.  

 

The objectives were addressed through a number of key questions including: 

 

• Is the centralised cooling system oversized given the site requirements? 

• If oversized, what are the reasons for this? 

• If oversized, what are the performance and cost implications of the cooling system? 

• What alternative cooling system designs are likely to provide better outcomes in terms of 

performance and expenditure? 

• Would a ‘digital’ margins tracker tool be beneficial in preventing the application of excessive 

margins that lead to system overdesign? 

• Would alternative system approaches to design provide better flexibility, whilst safeguarding 

against risk and overdesign? 

• What processes, procedures and controls can be put in place to prevent excessive margins 

being applied in the future? 
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Based on the previous case study a number of simple hypothesises were formulated:   

• Hospitals use too much energy, partly because building service systems are oversized. 

• Nobody quite knows by how much the systems are oversized. 

• Multiple people add margins to their specifications, engineering design or selection to 

make sure they don’t get blamed for the system being undersized. 

 

5.4.2 The oversized system 

The works were undertaken across two distinct phases: 

 

• Phase 1 (2010/2017) - The installation of a 4.3 MWe combined heat and power unit (CHP), a 

waste heat combination boiler, a single 1.16 MW absorption chiller, heating and chilled 

water pump systems, heating and domestic hot water (DHW) plate heat exchangers and LED 

lighting upgrades (to improve the overall project 'return on investment' (ROI); the Phase 1 

works also included an innovative 1.6km hospital-to-hospital energy (hot water) and power 

link. 

• Phase 2 (2017/2018) - The installation of a further two chiller units (one electric and one 

absorption chiller), a number of roof mounted heat rejection units (adiabatic radiators) and 

additional chilled water circulation pumps. 

 

The ability to upgrade the hospital cooling system was a result of a ‘one off’ funding opportunity 

through an Energy Performance Contract (EPC) arrangement. Capital expenditure (CapEx) in 

hospitals is heavily restricted due to finite resources, unpredictable government funding mechanisms 

and competition alongside other public sector organisations. The CapEx is shared between building 

and medical equipment, which is often prioritised as the organisations core business. Hospital Estates 

Directors are often not represented on Trust Boards, and therefore are unable to secure funding for 

anything other than urgent reactive works and catastrophic equipment failure (CS3-P5). Proactive 

replacement of aged building services infrastructure is a rare exception (CS3-P3). As will be explained 

in section 8.2, borrowing on the open market is also difficult for NHS hospital organisations. It is 

subject to internal borrowing limits, the need to meet NHSI and Treasury requirements and outline 

and full business case approval which can take many months and significant costs to obtain. Once 

borrowing is approved, an EPC can provide an attractive mechanism by which borrowed CapEx is 
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repaid (CS3-P8). The Director of Estates commented that; “the funding source wasn’t there. The 

backlog maintenance was vast… so breakdowns and then the cost of repair and service of failing kit...” 

(CS3-P3). The hospital had significant historic maintenance issues, mainly running on emergency 

maintenance. Concerns about catastrophic breakdown of the aged infrastructure, that would leave 

the hospital with no heating or cooling were mounting. “The funding scheme…enabled me to radically 

change what was a completely broken infrastructure” (CS3-P5). The hospital Estates Director also 

remarked “during that year we did have failure of the existing kit and had to bring in packaged plant; 

and that was at huge expense … It was ‘what can we afford’ to best meet our backlog maintenance 

and high risks, in the context of the kit. It wasn’t so much that the kit was of a particular age, because 

a lot of it was modular, it was a case of the technology was so old that the efficiencies were very poor” 

(CS3-P3).  

 

However, it wasn’t all about plant efficiencies “resilience was a big issue as well…. so that we were 

ticking some boxes about if our big boiler went down we had no answer to heating to hundreds of in-

patients; so the scheme wasn’t all about efficiency, it was about what we can do to meet these big 

resilience issues” (CS3-P3). Discussing resilience in greater detail, thus from a system specific 

perspective, the Estates Operational Manager commented “we’ve always got N+1 resilience; if you 

lose your electric you’ve got low temperature fed from the combined heat and power (CHP) unit and 

you’ve got your steam. If you lose low temperature hot water (LHHW), you’ve got your electric and 

your high temperature hot water (HTHW). If you lose your high temperature, you’ve got electric and 

low temperature” (CS3-P1). This demonstrates that the installed systems were hugely complex and 

inefficient due multi-layered contingency of back-up systems employed.  

 

Whilst providing many resilience and reliability improvements, the new Phase 1 and 2 building 

services design wasn’t without its issues. One major concern was the absence of a water softener. 

“Now Oxford’s a very hard water area so we’re scaling the plates up but they didn’t put water 

softeners in….. and I’m arguing with them saying, how can you design and build something, a plate 

heat exchanger, with no water softener….. we’re changing plates every four months, five months” 

(CS3-P1). 

 

The hospital capitalised from the 'one-time' funding opportunity and used an EPC to provide private 

finance that facilitated the replacement of old, inefficient energy infrastructure such as large boiler 

systems and chiller replacements (CS3-P5). It was funded through the revenue of energy savings via 

a ‘guaranteed savings' scheme, against the performance of the old system (CS3-P1).  
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5.4.2.1 Overview of the heating and cooling systems 

The CHP generates both heat and power for use at the JRH but also supplies heat and power to the 

Churchill Hospital via a 1.6-mile underground district heating pipeline. The waste heat from the CHP 

is prioritised based on providing best economic value (CS3-P6). In the first instance the waste heat 

serves the space heating and domestic hot water requirements of the JRH site as the primary user, if 

satisfied, the waste heat (from the CHP) is then distributed via pump-sets and the underground 

pipeline to support the heating requirements of the Churchill site as the secondary user. If the 

Churchill Hospital demand is satisfied, waste heat is then directed to the absorption cooling plant 

(i.e. 1MW unit + 1 x 1MW unit) as the final user before the waste energy is rejected to atmosphere, 

via a dry air cooler. From a sizing perspective, due to the extension of the heating distribution 

network to the Churchill site, the installation of a much larger CHP unit was possible, whereas prior 

to this initiative a much smaller 2.1MW CHP unit was considered to be the optimum size (CS3-P6). 

For the majority of the time, the hospitals power needs are largely met by the 4.3MWe engine. The 

CHP unit is manufactured by Jenbacher and has a wide range turn down ratio (variable modulation 

capabilities). Therefore, it works efficiently at different levels of loading. However, the exact seasonal 

demands on this system were not clear from the data provided.  

 

The project was scoped beyond the hospital boundaries to include the installation of district heating 

linkage points for future connection to neighbouring university and residential buildings, enabling a 

staple income stream to be generated by the hospital organisation via the trading of residual heat 

(CS3-P5).  Despite the connection points being in place, this opportunity has yet to be realised. The 

total cost of the entire project was understood to be just short of £50m; the finance borrowing limit 

over which requires UK Treasury approval (CS3-P5).  

 

The project has resolved the backlog maintenance issues of the Trust and delivers considerable 

savings overall, so that the obvious overdesign of the chiller system has been overlooked: 

  

“So it’s delivering something in the order of £400k to £500k of excess savings. That 

actually means that the site has grown a little bit in demand from when we first modelled 

it. The engine still runs well, but it’s not running at a more than 100% efficiency, it’s 

impossible. What actually it means is there’s been some growth in the load that the 

engine’s now able to provide” (CS3-P6). 
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Current employees of the Trust were not aware of the rationale behind the specification that was 

sent out for tender, nor were they aware of the design rationale for the project. This became 

apparent, when we interviewed the commissioning Estates Director, who had left the Trust several 

years before completion of the new system. Whilst the system capacity was considered at the outset 

of the design, it appeared that as long as the new system continued to produce significant savings, 

the considerable over-sizing was not questioned. This is particularly worrying considering the urgent 

need to reduce energy costs and CO2 emissions across the NHS. 

 

Figure 5-16 provides a model overview of the original hospital systems installed in the 1980's 

alongside Phase 1 (in green) and Phase 2 (in blue) systems; original systems removed are also 

illustrated (light grey). The focus of the study is on phase 2. 

  

 
Figure 5-16. Modelling of the original and current hospital installations 

 

Referring to the chilled water system specifically, the blue directional lines illustrate flow and return 

chilled water distribution from the three chillers (cold water generators) to the main hospital site via 

three 45kW chilled water circulation pumps. The red directional lines represent flow and return, heat 

rejection pipework via another set of circulation pumps. 
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The original systems included four High Temperature Hot Water (HTHW) boilers and two steam 

boilers for heat generation; three absorption chillers and two cooling towers utilised for the 

generation of, and heat rejection from, a district cooling network. All plant, other than the two steam 

boilers which remain in situ, have been replaced by the Phase 1 and 2 project upgrades. The heating 

system components of the Phase 1 works (i.e., CHP, combi boiler and heat/power link) are included 

in the model with the original standby steam boilers to provide a complete overview of the hospital 

systems. As illustrated in Figure 5-17 the Phase 1 works included an innovative design providing 1.6 

miles of underground pipework from the JRH to the Churchill Hospital site. 

 
 

 
Figure 5-17. Pipeline connection between the John Radcliffe and Churchill Hospitals, groundworks (left) 

and route taken (right)  - Online source at: BBC News - 17/04/202189 
 

The Technical Director of the Contracting Company responsible for the design and installation of the 

link network pointed out that the underground trench also accommodated a fibreoptic network for 

IT systems across the sites:     

 

“So we live in the world of district energy which generally comprises of burying pipes in 

the ground, sometimes above ground depending on the buildings and the lay of the land. 

Normally sticking some sort of low carbon technology at one end of the system, which is 

our generation asset and then we connect to the other end of the system which is often 

through… well, if you think of energy being displaced through electrical cables, cooling 

pipework and heating pipework, we use a combination of pipes and cables and therefore 

connecting to hydraulic interface units or plate heat exchanger or even switch gear of 

some sort on electrical systems. The project at Oxford actually uses a fibre network as 

 
89 Hospital pipeline connection, BBC News – Source online at: https://www.bbc.co.uk/news/uk-england-oxfordshire-
40933807?tblang=english-ca (Accessed on 17/04/2021) 
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well so it connects the two hospital sites together with a fibre cable to be able to 

exchange data rather than energy” (CS3- P6). 

 

5.4.2.2 Annual energy cost savings of chiller installation 

The main concern in the system design was to deliver enough saving. Whilst the system capacity was 

considered at the outset of the design, the considerable oversizing was not questioned.  

 

When appraising the costs of the chiller overdesign from data provided by the Trust, the CHP and 

absorption chiller combination relative to the Phase 1 works reduced chilled water generation costs 

from £70k to £14k per annum, providing a good financial outcome compared to the original system. 

Installation of the Phase 2 chillers, however, only reduced chilled water generation costs by a further 

£8k to £6k per annum. The summary data used to determine these savings is illustrated in the Excel 

spreadsheet screen capture provided in Figure 5-18. 

 

 
Figure 5-18. The summary data used to determine these savings – Trust internal document 

 

The spreadsheet illustrates the hospital’s chilling demand across a 12-month period and provides 

three scenarios against this demand. The chilling demand has been simulated based on anticipated 

load factors for each day and hour of the year. The base year calculation assumes that all chilling 

capacity will be met from heat derived from the original boiler system via the HTHW absorption 

chiller as was the case prior to the EPC and installation of the CHP. The figure of £70,648 has been 

obtained from the sum of heat energy required over a 12-month period, multiplied by the unit (kWh) 

cost of natural gas necessary to generate that heat, whilst allowing for system losses. The base year 

costs are therefore intended to provide an indication of chilled water generation costs prior to the 

EPC. The contract position allows for heat generation via boilers as well as the CHP, however, given 
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that waste heat is a by-product of power generation from the CHP, associated costs for chilled water 

generation under the contract position are far less, with a reduction in overall costs to £14,131 per 

annum. For the phase 2 position the financial benefits were relatively marginal, only providing a slight 

benefit from the shift of heat generated cooling to an electric operated chiller system. When 

considering a capital expenditure of £2.6m was required to install two new chillers and heat seven 

heat rejection units, it is clear that the Phase 2 project did not provide a good return on investment 

(ROI). The research however, revealed that nobody within the hospital organisation had a full 

overview or understanding of the project economics and ROI (CS3-P1, P3, P5). Preliminary 

calculations suggest that an alternative system may have provided overall 'greater value for money' 

(see section 6.5.2.1). 

 

Poor baseline data can also have a negative impact on EPC shared savings schemes due to the 

hospital organisation choosing to 'err on the side of caution' regarding the client specification and 

hence over-estimate base-line energy demand figures to ensure equipment installed via the EPC, is 

not undersized (CS3-P6). NHS hospitals have notoriously poor energy and thermal metering 

infrastructure. Data relating to hospital service flow temperatures and space and environmental 

conditions are also often not available (CS3-P4 and CS3-P6).  

 

The absence of reliable data led to the use of 'rules of thumb' estimates and sizing tools on which to 

base site thermal capacity requirements of boiler and chiller plant. Even when reliable data is 

available, due to a skills shortage, attracting Energy Managers skilled in data analysis and energy 

forecasting is difficult, leaving data under-utilised (CS3-P8). Unfortunately, because the same client 

specification is used to set shared savings targets, there is a potential issue whereby savings claimed 

by the EPC provider may be greater than the actual savings realised. 

 

5.4.2.3 The lost rationale 

The case study specifically focuses on Phase 2 of the EPC works, the installation of supplementary 

chiller plant and associated adiabatic heat rejection units. The system has multiple chillers using 

different solution principles. According to the Regional Director of the EPC main contracting 

company, prior to the upgrade works, there were no meters measuring the energy input or energy 

output to/from the hospital chillers. Therefore, it was not possible to definitively state the chilled 

water demand (CS3-P6). The hospital organisation requirements specification requested that the 

chilled water upgrade works provide for an N+1 chilled water supply capacity of 2.5MW; this brief 

was the basis of designing the chiller upgrade which informed the 'Phase 2' works (CS3-P6). 
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Calculations and observations undertaken by the EPC main contractor suggested that a summer 

(peak) cooling demand 900 kW was appropriate. An uplift of 20% was applied to offset errors in the 

calculation methodology increasing the summer chilled water demand to 1,080kW (circa 1MW). 

Hence the new Phase 1 absorption chiller rated at 1.16MW capacity was of sufficient duty to meet 

the chilling requirement of the site. The huge discrepancy between the hospital specification (brief) 

and the calculated cooling requirement undertaken by the main EPC contractor was brought to the 

attention of the hospital organisation for review. However, a decision was made by hospital 

managers to stay with the 2.5MW specification as originally requested. As a result, the Phase 2 chiller 

project increased the installed chilled water capacity by a further 2.6MW (1 x 1MW absorption chiller 

+ 1 x 1.6MW electric chiller), providing total chilled water generation capacity of 3.76MW. A system 

that is 276% over and above the calculated peak capacity of the site. Figure 5-19 below illustrates 

the output comparison of old and new chilled water generation systems. 

 

 
Figure 5-19. Comparison of old and new chilled water generation system capacities 

 

In addition, seven x 1MW packaged heat rejection units were installed as part of the 'Phase 2' works, 

a heat rejection capability of 600% over and above the anticipated heat rejection needs of the site. 

Secondary chilled water systems, such as pumps, valves and pipework are required to accommodate 

the maximum load capability of the main chiller plant, consequently the margins of overdesign on 

the secondary systems can also be considerable.  

 

Calculations and observations undertaken by main contracting company suggest a summer cooling 

demand of 900kW was appropriate. The following factors led to the oversizing:  
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• Missing base line data: Prior to the upgrade works, there were no meters measuring the 

energy input or energy output to/from the JRH chillers. Therefore, it was not possible to 

definitively state the chilled water demand. Target use and future growth demands were 

therefore based on assumptions of current use and specified within the client brief based on 

historic data. 

• Redundancy factor: The Trust specification requested that the chilled water upgrade works 

provide for an N+1 chilled water supply capacity of 2.5MWth; this brief was the basis of 

designing the chiller upgrade works. 

• Uplift: An uplift of 20% was applied to offset errors in the calculation methodology increasing 

the summer chilled water demand to 1,080kW (circa 1MW). 

• Unnecessary upgrade: The new (Phase 1) LTHW chiller rated at 1.16MW capacity was of 

sufficient duty to meet the base load chilling demand of the JRH. The Phase 2 chiller upgrade 

project increased the installed chilled water capacity by a further 2.6MW, providing total 

capacity of 3.757MW; 276% above the calculated peak requirements of the site. 

• Lost rationale: Due to the high turnover in senior staff members a full understanding of the 

rationale for the requirements specification, which includes the project scope and ambition, 

is not fully understood in the Trust.  

 

5.4.2.4 Additional costs of back-up systems  

As seen in Figure 5-16, two steam boilers remain in situ from the original installation to provide an 

element of redundancy should the CHP or combination steam boiler fail. Due to the nature of steam 

systems, whereby high pressures and temperatures are involved, these systems do not respond well 

to large fluctuations in pressure over short periods of time and therefore need to remain warm and 

up to pressure for long periods of time to prevent rapid expansion and contraction of steam vessels 

and associate pipework. This system characteristic means that other than during breakdown or 

annual maintenance inspections these systems run continuously for much of the year; from a cold 

start, a steam boiler will need to be heated gradually for two days before it reaches its desired 

working pressure of typically 8 – 10 Bar; the boilers therefore need to remain operational to provide 

instantaneous back-up redundancy, as and when required. A proportion of the energy (natural gas 

combustion) required to maintain the steam raising equipment at the required pressure is inevitably 

lost within the boiler system.  Standing losses are radiated heat losses from a boiler when it is sitting 

idle on standby. They are typically quoted as being in the order of 3% of the boiler installed capacity 

(Kenna and Bannister, 2009). Based on the case study arrangement, whereby, two back-up steam 

boilers each have an installed thermal capacity of 4,323kW and hence a combined capacity of 
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8,646kW, and where standing losses are calculated based on 3% of boiler output capacity, heat losses 

equate to 259kW. Over the course of a year (8,760 hours) total energy losses equate to over 2.2MWh 

(2,268,840 kWh). Based on a natural gas cost of 3p/kWh, the financial costs attributable to standing 

losses are in the region of £68,000 per year, with associated CO2 emissions of 417 tonnes (Calculated 

using the DEFRA 2019 carbon factor for natural gas of 0.18385 kgCO2e). 

 

Given the capital outlay, ongoing maintenance costs and energy losses associated with the current 

‘complex’ installation of heating, cooling and power systems at the JRH, an alternative conceptual 

building service design, is considered in section 6.5.2.1 and Appendix C.  

 

5.4.2.5 Measures of success and the basis of EPC energy savings 

A number of success measures were placed upon the new energy infrastructure of the Phase 1 works.  

However, no success measures were applied to the Phase 2 chiller upgrades. A list of success 

measures for the Phase 1 works include:  

 

• System running reliably, e.g., failure rate. 

• Guaranteed savings that pay for the EPC fund.  

• Excess savings, over and above the guaranteed savings   

• Savings compared to energy consumption data of the old inefficient boiler system from 

historic baseline data.  

 

When asked what those savings are based upon the Main Contracting Director responded “…it’s a 

comparison to, if the Trust had done nothing, what was their energy consumption… the data is the 

initial energy data given to us by the Trust ‘a proforma document’ which is, if nothing changes, this is 

how much electricity we import, this is how much gas we’ll use, this is how much oil we’ll use. That 

starts off as the benchmark in essence from this it is clear that the savings are based on any energy 

reduction against the old historic systems” (CS3-P6).  

 

The discussion also highlighted that additional excess savings are split three ways: 40% to the Trust, 

40% to the EPC provider and 20% that is carried over into the following year. “So the first year of the 

contract, it’s over-performed. So there was an excess and part of that excess is retained by the Trust 

and part of that excess is given to us as a payment from the Trust, and part is left in the pot to go 

towards the second year. We’re coming up to the second year and there is an excess…”. The saving is 

calculated against the baseline consumption figures from a proforma.  Given the scope of potential 
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financial savings, the EPC scheme provides a significant incentive to all parties. In the first year of 

operation excess savings were estimated to be in the order of £400k to £500k (CS3-P6). 

 

In summary, the guaranteed savings element of the EPC repays the finance required to procure the 

capital infrastructure works and equipment installed along with all ongoing operating, repair and 

maintenance costs of this plant and equipment. Excess energy savings, over and above, the 

guaranteed savings provide a further financial incentive that encourages ongoing performance of the 

system. Surprisingly, the ongoing monitoring and verification of energy savings is undertaken by the 

EPC main contractor and not through an independent third party; “That’s right, we actually do that 

on a monthly basis which is then reconciled annually” (CS3-P6). 

 

5.4.2.6 Project stakeholders  

The project was implemented and run by three groups of stakeholders; see Figure 5-20.  

 
Figure 5-20. Scope of project stakeholders 

 

The Contracting Company (The Carbon Energy Fund - CEF) had an overseeing role of the Main EPC 

Contractor and provided the project framework as a one-stop-shop to procurement. “Its primary 

objective is really as a procurement agency but it’s a bit more than a procurement agency. So, it has 

a framework of contractors and the framework has the OGEU compliancy90 built in, and it has a 

 
90 OGEU, source online at: https://www.supply2govtenders.co.uk/what-is-ojeu-everything-you-need-to-know-about-
ojeu-tendering/ (Accessed on 8/04/2021) 
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contract under that framework and the contract is effectively an energy performance type contract” 

(CS3-P4).  

 

NHS Trusts had limited finance options at the time of project initiation; “we were compelled to use 

the Carbon Energy framework…. and it was made very clear to me that that was the only weapon of 

choice at that time” (CS3-P5). In terms of the funding mechanism, the winning main contractor would 

either use hospital capital funds or third-party finance to fund the EPC scheme installations and 

regardless of the finance route chosen, would provide a guarantee of energy performance savings 

against a predetermined energy baseline. “so, it’s where the contractors will invest either using the 

hospital trust money or third-party finance into the energy infrastructure of the hospital; and they 

will guarantee to deliver performance in terms of savings and resilience based upon a pre-agreed 

baseline… and that has a value to it, and that savings value is at a level to pay for the investment 

made in doing the work. And it’s called a guaranteed performance contract because if they fail to 

deliver the savings then, effectively, they write a cheque for how much they’ve failed the hospital” 

(CS3-P4). The Contracting Company (CEF) coordinated and interacted with both the EPC Main 

Contractor (Vital Energi) and the hospital Trust through monthly project meetings. The EPC main 

contractor was responsible for the design, installation and ongoing operation of the installation. They 

also carry out ongoing monitoring and verification of the systems performance.  

 

The Trust had a range of participating project stakeholders, from hospital managers and contracted 

technical personnel, through to local residents. The turnover of personnel led to a lack of visibility 

across the hierarchy of the organisation and a loss of rationale for basic decisions made. Assumptions 

relating to data supporting hospital capacity requirements, target use, future growth predictions and 

future energy demands applied to the Phase 2 design specification, have been lost over time. The 

scope and ambition of opportunities envisaged at project design stage, such as an extension of the 

current heat network to connect university buildings and local residences have been forgotten. 

Hence, the EPC main contractor and the contracting company have been instrumental in maintaining 

continuity of the project. However, they are not party to strategic planning at the hospital. 

 

The stakeholders' motivation for the project varied significantly. For the hospital organisation it 

reduces backlog maintenance; “the funding scheme enabled me to radically change what was a 

completely broken infrastructure, so a lot of the high-pressure steam systems, a lot of the valves were 

no longer operational, isolating the fractures etc. etc. was very difficult” (CS3-P5); it also provides 

ease of maintenance (delivered via the EPC contract) “Effectively, these schemes are really about risk 

management, passing the risk over to the contractor as much as possible” (CS3-P5). This improves 
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resilience, supports growth of site energy demands, and saves money through the EPC. For the EPC 

provider and the contracting company, the project brings a long term contract, good reputation and 

publicity, and a share in energy savings. 

 

5.4.3 Summary of research contributions – case study 3 

• Building service systems can be significantly oversized based on past capacity rather than 

actual need data. Output specifications are provided without clear rationale. 

• The rationale for the system architecture and sizing choices is not easily obtainable. No 

documentation was available for applied margins. 

• Resilience leads to over-design within a system but could be provided from outside the 

system. 

• The language of achieving “savings” from projects, with regards to specified historic baselines 

can hide significant over-design. 

• The large systems installed result in less than optimum turndown performance (absorption 

chillers incapable of operating across a significant range of months). 

• System redundancy provided by steam boilers lead to significant standing losses. 

• A high-level review of projected savings would suggest that the overall (Phase 1) project has 

an extended payback period (typically CHP systems payback in under 8 years). 

 

5.4.4 Summary comparison of the three case study findings 

It is clear from the research case studies that the internal governance systems across all three 

hospital organisations are significantly different. Each Trust has its own unique management and 

staff structures and reporting lines. Contractual arrangements with regard to external service 

providers are also very different. NUH is not involved in any PFI or EPC arrangements, and therefore, 

from an energy efficiency perspective are autonomous. The RSUH is severely restricted by PFI 

arrangements which has created a significant barrier when trying to implement energy efficiency 

measures into the new hospital building. The JRH has entered into a long-term EPC contract which 

also has severe financial implications. It is also evident from the case studies that senior stakeholders 

tend to move between different NHS organisations; this leads to a significant loss of site specific 

knowledge. Many of the barriers to energy efficiency appear to be common across all three case 

study organisations. The issue of building services overdesign is also common to the RSUH and the 

JRH.   
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Chapter 6  
Overdesign of Building Services 

 

6.1 Introduction and structure of chapter 

Building services overdesign was very evident from two of the three case studies undertaken. The 

aims and objectives of this chapter are therefore to look at the design processes and influences 

impacting on the oversizing problem. The inclusion of various margins within the specification, design 

and installation phases of a building services project are studied from the perspective of building 

service industry guidance, but also from a practical perspective in consultation with a building 

services design engineer, to better understand the factors considered and how margins are applied 

in practice. As the literature in Chapter 2 has shown, overdesign can arise from two sources: too high 

requirements in the original specification (due to unknown requirements resulting from poor data 

and future scenario planning) and design margins being added throughout the design process. This 

chapter looks at both aspects of overdesign in the built environment: unclear baseline for the design 

requirements and margins added by different stakeholders. This chapter also looks at the CIBSE 

guidance documentation that establishes categories of margins and argues that in practice margins 

are applied for multiple purposes by different people without others being aware of it. Simple 

engineering calculations of heating and cooling systems allow a comparison of actual with 

appropriately sized systems, and the cost burden on the NHS and the implication for other healthcare 

building services. The chapter concludes by looking at how systems, processes and procedures might 

be improved to prevent the application of large, excessive margins that currently lead to overdesign.   

 

6.1.1 Overdesign in building services in the context of the literature 

The influences upon building services overdesign from the literature perspective of this thesis is 

presented within Figure 6-1. The figure attempts to provide a visualisation of the various subject 

domains and contributing themes having an influence on building services overdesign, grouped with 

authors from the literature cited within this thesis only. The figure is not intended to provide a 

complete and systematic overview of the vast number of authors that have contributed to the 

various research topics identified. Broadly similar subject domains developed by the author have 

been grouped together in blocks of colour, that are briefly described below:  
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• Building services: while several authors such as Bacon (2014) and Djunaedy et al. (2011), 

have pointed to the problems of the overdesign of building services they have not analysed 

the reasons in detail, as this thesis has set out to do. Both case studies show a very strong 

overdesign of the building service systems, 400% in the case of case study 2 and 276% in case 

study 3. Adding margins to a system can also be a deliberate choice, as the research on 

options by de Neufville et al. (2004) looking at how to make future changes more economical. 

This played an element in the phase 1 procurement at the JRH, where there was an intention 

of linking the system to university and domestic building (see Figure 5-16), however this has 

so far not materialised and has largely been forgotten by the organisation. 

 

• Requirements: requirement specifications can be problematic in all kinds of design projects. 

However, it is particularly challenging in the context of hospitals, where energy needs 

fluctuate and future technology development might lead to greater energy needs but also 

has the potential to reduce energy needs. Both case studies showed the lack of clarity around 

the requirements. In the RSUH case study, boiler thermal capacity was thought to be based 

on requirements of the new PFI hospital. Whilst energy data was available for the retained 

estate, this was not used. The JRH, by contrast, only had partial energy data and based the 

sizing of the new systems on existing ones. In both case studies it has not been possible to 

track down the rationale for the sizing. 

  

• Margins: the literature looks at margins as a term that combines multiple notion (see Eckert 

et al., 2020). In the case studies, the term ‘margins’ was largely used in conjunction with the 

CIBSE categories, as will be discussed in the following (section 66.2.1). 

  

• Reliability: Reliability and resilience is often given as a motivation for redundancy being built 

into the system (see, Chen and Crilly, 2014). This has been very evident in both case studies. 

RSUH has three boilers when one could cover the current peak requirements. The JRH had 

multiple forms of redundancy designed in their system; each chiller system has redundant 

chillers and chiller systems with different solution principles (see Figure 5-16). They also run 

the old boiler system as a backup for the current system. This will be discussed further in 

(section 78.3) under mitigation in Chapter 8. 

  

• Risk and uncertainty: whilst risk and uncertainty were mentioned in the case studies, the 

risks were neither modelled nor predicted systematically. The JRH mentioned the risk of the 

system failing as a motivation for installing a new system. The RSUH team was concerned 
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about the risks associated with meeting their PFI obligations. Risk and uncertainty have 

largely been an underlying influence behind over-specified requirements and the margins 

added throughout the design process. 

  

• Energy management: as Chapter 7, will argue in more detail, overdesign is not recognised as 

a factor underlying energy efficiency problems. 

   

• Procurement: particularly in the JRH case study, the procurement processes in the NHS were 

a major contributary factor to the overdesign (see section 8.2). Funding opportunities were 

rare, and the Trust felt that they needed to seize the opportunity to sort out all the building 

service problems in one go. The way the funding works through distinct funding calls, also 

means that a limited number of potential suppliers bid for the contract. In the case of the 

JRH by far the most credible bid came from a company specialising in district heating systems, 

who had also assumed that their system would be used as such. Therefore, the system was 

designed and sized for a much wider application. 

 

• Stakeholders: The case studies have shown that multiple margins are added by different 

stakeholders throughout the process from the early specification of requirements, through 

to the engineering design specification and installation, this will be developed in more detail 

within section 6.2.2. 

 

• Decision-making: despite considerable efforts to piece together the decision-making 

processes in both hospitals, this proved difficult, because they were not fully documented 

and many of the stakeholders had left. In neither case was there a stakeholder who had 

stayed with the system from the beginning and had a broad overview. The decisions 

therefore have been strongly influenced by the risks that individual stakeholders were 

concerned with at time, such as meeting PFI requirements.   

 

The specific influences in relation to any given building services project, tend to be fairly unique and 

can be complex, dependent on the specific scenario including factors such as: the procurement 

method used, the project specification, the design and installation margins applied, the building 

construction type and the use of the building, the external climate, stakeholder and governance 

arrangements and the availability and the quality of building demand data available. As the majority 

of non-domestic building service installation projects are one-off projects creating unique buildings, 

the specific factors impacting on oversizing for any given project is infinitely changeable. 
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Figure 6-1. Summary of literature cited within the thesis on influencing factors on 

building services overdesign 
 

6.2 Design margins in practice and published guidance 

The overdesign of building service systems due to the over application of design margins is not a new 

phenomenon. This concern was initially highlighted in a CIBSE (1998) research report published in 
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1998 stating that design margins are often added by multiple stakeholders throughout the design 

process, very often through habit, custom and practice as precautionary measures against perceived 

risks without any real thought of the consequences of ‘oversizing’. It is evident from the case study 

findings that risk mitigation is an important factor when considering hospital building service systems 

(see section 8.3.4). CIBSE (1986) also states that the primary reason for the application is to safeguard 

against uncertainty and risk (CIBSE, 1986). The pressure on hospital systems is particularly large, 

because they need to maintain services under very strenuous circumstances, such as the 2018 UK 

heatwave, when cooling and increased patient numbers from heat-related conditions placed a much 

greater demand on chilled water and refrigeration systems to be resilient. The COVID-19 pandemic 

also put significant pressure on hospital cooling systems as the heavy use of clinical personal 

protective equipment (PPE) required space temperatures within critical care departments to be kept 

lower than standard design conditions. The other important factor is ‘future proofing’ the system.  

 

Despite two decades having passed since the publication of CIBSE’s 1998 ‘Engineering Design and 

Use of Margins’ research report little has changed. CIBSE in their 1998 margins report use the term 

‘design margin’ in the broadest sense to mean “any percentage increase added to a design value, 

parameter or calculation result whether a deliberate and valid design decision, a contingency or 

safety factor, or an inadvertent addition caused by, for example, selecting the ‘next size up’ of a plant 

item”.  (CIBSE, 1998).  

 

Chartered Institute of Building Service Engineers (CIBSE, 1986) guidelines can lead to significant 

overdesign as a margin is added for each risk rather than an aggregate margin for all risks. 

 

6.2.1 Margins categories 

A detailed document review was undertaken to understand the scope of margins published in 

building services guidance documents. Table 6-1 provides a range of margins and margin values 

identified from the document review, predominantly obtained from the CIBSE research report (1998) 

but also from various BSRIA and CIBSE publications (BSRIA 2008, CIBSE 1986, 1998, 2006, 2012a). The 

margin types identified have been separated into seven distinct groups, alongside which, the purpose 

of each margin category has been provided. Each margin category also includes the percentages 

quoted within the industry publications, together with a summarising ‘range of values’; the structure 

of the table reflects a similar layout used by CIBSE (1998). 
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Margins identified were very often not stated explicitly but buried within the guidance text. An 

example is shown in Figure 6-2, extract taken from CIBSE Knowledge Series ‘How to Design a Heating 

System’ (CIBSE, 2006b). 

 

 
Figure 6-2. Example of 20% Margin identified in CIBSE Guidance Document 

 

Table 6-1. Key margin categories in building services design 
Source – Various CIBSE Publications between 1986 – 2012 

Margin category Purpose of margin Range  

of values 

Values quoted 

Initial design and 

data assumptions – 

client specification 

To mitigate against poor requirements data and 

uncertainties relating to building use, occupancy 

and future needs 

10-20% 10%, 20% 

Uncertainties in 

the engineering 

calculation process 

To mitigate against errors and uncertainties 

within the engineering calculation process, 

whether undertaken manually or by default 

when using design software  

5-25% 5%, 10%, 15%, 

20%, 25% 

Installers uplift – 

‘next size up’ 

Applied as a result of the limited choice of 

available equipment from manufactures. E.g. a 

boiler range may be manufactured in capacities 

that increase in 50kW intervals, a calculated 

requirement of 120kW may therefore require a 

150kW boiler, as a 100kW boiler would be 

insufficient to meet peak demand requirements 

5-15% 5%, 15% 

Building 

construction and 

integrity 

To mitigate against draughty, poorly insulated 

buildings were heat losses and gains may be 

unpredictable 

5-10% 5, 10% 

System and 

equipment 

performance 

To mitigate against uncertainties relating to in-

situ performance compared to theoretical 

performance. E.g. system pressures on a 

ventilation system may be greater than 

10-20% 10%, 15%, 

20% 
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expected after installation, requiring increased 

fan capacity  

Safety margins to 

safeguard against 

risk and provide 

resilience  

To mitigate against a range of risk factors. E.g. to 

provide system redundancy in the event 

equipment breakdown, or to provide additional 

resilience during extreme weather periods 

10-25% 10%, 20%, 

25% 

Maintenance 

related issues – 

operational ‘wear 

and tear’ 

As equipment ages, performance tales off. 

Margins are therefore applied to compensate 

for performance decay that inevitably occurs, 

over time   

5-10% 5%, 10% 

 

Engineering margins applied whilst undertaking design calculations for heating systems, typically 

range between 5-25% across various margin parameters such as heat losses, heat transmitters, 

boilers and distribution pumps etc (CIBSE, 1998). They are added either during manual calculation or 

by default when using a software design package. Margins that allow for uncertainties within the 

initial design and data assumptions – within client specifications, may also be necessary (e.g. 

assumptions relating to future demand, occupant numbers etc.). A range of safety and precautionary 

margins are also added for numerous reasons (e.g., to allow for equipment power surges on start-up 

or excess pressure on piped systems), but also to provide and element of flexibility during 

commissioning which allows for variations in system and equipment performance and to provide 

reliability and resilience due to operational ‘wear-and-tear’. Consequential margins such as installers 

uplift – ‘next size up’ may also be applied due to limitations associated with the availability or 

production of optimum sized equipment. A review of boiler sizes amongst a selection of 

manufacturers shows that choosing the next size up can account for a margin of about 15% typically 

(Opus, 1996).  

 

Many of the margin categories presented above are added to building service designs as NHS 

hospitals are not quite clear what their requirements are, largely due to a lack of good quality data 

and inadequate information as illustrated by the JRH case study. Despite some of these margin values 

being published over twenty years ago, it is evident from the case study research that these 

‘sweeping’ margin values are still being applied in practice.  

 

6.2.2 The cumulative effect of margins 

Table 6-2 provides a simple example of how cumulative margins applied for various design 

contingencies by different stakeholders, can lead to significant overcapacity. Using the maximum 
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margin percentage values taken from Table 6-1 and a nominal base capacity requirement of 100 

units, the table illustrates how the accumulation of margins can result in a significant capacity 

increase to 313 units, a 213% increase over and above the base requirement. It is therefore apparent 

that where a number of individual margins are applied during the design process, the multiplier effect 

of these often results in a large total margin that is unlikely to be justified (Jones and Eckert, 2017). 

  

Table 6-2. Example ‘worst case’ impact of cumulative margins on capacity 
 

Applied margins % Margin applied Cumulative capacity 

Base capacity requirement - 100 

Initial design and data assumptions 20% 120 

Engineering Calculations  25% 150 

Installer’s uplift – ‘next size up’ 15% 173 

Building construction and integrity 10% 190 

System and equipment performance 20% 228 

Safety and commissioning margins 25% 285 

Maintenance related margins 10% 313 

 

Figure 6-3 shows the cumulative effect of the model, whereby individual margins are applied in 

isolation, by different stakeholders resulting in an oversized system. It should be noted that this 

illustration provides a worst-case scenario using maximum margin values however, data obtained 

from the two hospital case studies would indicate that this magnitude of oversizing is somewhat 

typical and the reality is that hospitals are vastly overdesigning their building services. 

 

 
 

Figure 6-3. Graphical illustration of cumulative margins on capacity based on data from Table 6.2 
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The following section looks at building services design and the application of the above industry 

quoted margins from the perspective of the Design Engineer, it also reflects on the sizing rationale 

and the approaches considered during the design process. 

 

6.3 Overdesign in practice 

Building services design practice is a specialist, complex and multi-layered process that requires 

specific data, information and direction from the commissioning organisation, usually by way of a 

client brief or design specification. This practice also relies upon the expertise of the engineering 

design team to make well informed decisions and assumptions based on best practice and past 

experience. Many of the design decisions made are based on intuition and heuristic ‘rule of thumb’ 

principles, however, there is a tendency to ‘err on the side of caution’ when choosing the operational 

capacity of plant, ensuring that any equipment selected is not at risk of falling short of the building 

peak load requirements. This cautionary approach was observed across both hospital case studies. 

At the RSUH, the PFI design contractors demanded 12MW of thermal capacity from a boiler upgrade 

on the assumption that the new PFI hospital would require this, it turns out that the building peak 

demand was less than half of this. This was questioned by the estates team, who were overridden in 

the design making process, see (section 5.3). Similarly, the client specification provided by the JRH 

for the chiller upgrade stated requirements that were significantly greater than the site cooling 

demand, and despite this being highlighted by the main contractor, the Trust still insisted that a huge 

overcapacity chiller system, be installed.  

 

NHS hospitals tend not to be so good at monitoring their energy consumption or predicting their 

future energy needs which is constantly fluctuating due to changing weather patterns and 

operational demands. This is due to various reasons such as poor metering and sub-metering 

infrastructure, inadequate standards of data collection and a shortage of resource and expertise to 

properly analyse and interpret energy data. 

 

As there was a lack of clarity and documentation regarding the boiler design and sizing rationale at 

the RSUH, an experienced building services design consultant (CS2-P11) was interviewed to 

reconstruct how the application of CIBSE margins plays out in practice during a typical boiler design 

and sizing process. The following account captures the Design Consultant’s viewpoints, 

considerations, decision logic and the necessary trade-offs during a typical (generic) boiler design. 

This is partly reported verbatim to reveal some of the attitudes taken, which are then subsequently 

analysed and discussed. 
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6.3.1 Requirements  

The Design Consultant opened the discussion by stating that: 

  

“It is generally accepted that preliminary design should have an accuracy of +/- 25% and 

that, design development should have an accuracy of +/- 15% and the final production 

information should have an accuracy of +/- 5%, however, for a multitude of reasons these 

target margins are not always realised” (CS2-P11). 

  

It was interesting to note that the margin percentages stated were very broad and that preliminary 

margins of +/- 25% appear to be higher than the ‘initial design and data assumption’ margin values 

quoted by CIBSE in Table 6-1. The Design Consultant then went on to provide an example: 

 

“During the early stage of the project when the boiler thermal capacity requirement is 

calculated, a boiler installation may require a nominal output of 1,000kW. Given the 

preliminary accuracy is +/- 25%, this would indicate a boiler installation of between 

750kW to 1,250kW would be suitable; most Design Engineers would advise the design 

team that a 1,250kW system is required…. this would cover the vast majority of design 

risks” (CS2-P11).  

 

This statement appeared to be contradictory to the opening statement, whereby, a final margin of 

just +/-5% should be attained, it was also interesting to note the ‘cautious approach’ taken in opting 

for the largest upper margin and moreover, the attitude towards a ‘single’ large margin to cover the 

majority of design risks at the early design stage. The Consultant went on to say: 

  

“Heating boilers can provide space heating only, or a combination of space heating and 

domestic hot water (used for hand washing, showers and cleaning etc.). Very often, 

however, it is not known at an early design stage how the domestic hot water (DHW) will 

be generated; it is also not known how much, if any, domestic hot water storage will be 

required. For various reasons (e.g. spatial requirements, standing losses etc.) the use of 

DHW storage (calorifier tanks) is reducing, and plate heat changers are being utilised 

instead; this is tending to increase the instantaneous peak load (kW) requirements of the 

boiler plant, which needs to be built in to the overall design margins… especially on older, 

large, sites such as hospitals, where there has traditionally been a large requirement for 

domestic hot water storage” (CS2-P11). 
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This comment raises a number of important points. Firstly, unknown requirements for DHW during 

early design may result in the application of initial large compensatory margins which then get 

adopted or even added to, as the design progresses; this can happen for a variety of reasons, such as 

undisclosed assumptions and uncertainties within the design or poor communication between 

design stakeholder groups. Also, boiler capacity is not only dependant on space heating and DHW 

demands, but is also influenced by the type of equipment being installed downstream of the boilers. 

On a large refurbishment project, it is highly probable that a number of design teams are responsible 

for the specification of various elements of building services equipment, again stressing the 

importance of good communication and transparency between the various design stakeholder 

groups. 

 

6.3.2 Sizing 

The type and use of the building also affect the sizing of the boilers. Buildings can have, either, a low 

thermal inertia (light weight structures) or a high thermal inertia (a heavy weight structure – usually 

concrete), hence, if a low thermal inertia building is combined with, for example, a healthcare 

building such as a clinic that may be closed over the weekend, by Monday morning a large percentage 

of the heat will have escaped from the structure and the heating system will take a long time to 

achieve comfort conditions within the building; this required heat up period also affects the sizing of 

the boilers.  

 

“Boilers can be sized for a ‘one hour heat up period’ and will be larger than boilers, sized 

for a ‘two hour heat up period’. This is very seldom specified by the Client and is normally 

left to the Designer to choose” (CS2-P11). 

 

Margins added to compensate for ‘heat up’ periods apply to those referenced under ‘building 

construction and integrity’ within Table 6-1. Importantly, margins for this purpose can represent an 

additional boiler capacity of up to 10%, which is likely to be added during later design stages.       

 

According to the Design Consultant: 

 

“The length of time provided for design programmes has reduced steadily over the last 

30 years, primarily due to cost constraints. There is often insufficient time to re-visit the 

calculations at the end of the design process, and therefore the preliminary design 

information is often used; the last few weeks of the design process is usually very intense 
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due to a variety of reasons, which might include the arrival of late information or 

drawings, this diminishes any down time to revisit the boiler design” (CS2-P11).  

 

These comments go some way to explain ‘uncertainties within the engineering calculation process’ 

one of the margin groups captured in Table 6-1. The Consultant added that: 

 

“If there is a level of confidence that the systems will work correctly, then the tendency 

is not go back and reduce sizes of equipment, despite sizing being far from optimal” (CS2-

P11).  

 

This attitude and approach could simply be addressed by the client brief by stating that equipment 

sizing must be reviewed to provide optimal efficiency; a client brief that sets a maximum boiler 

capacity limit or a fixed overall margin percentage is another option that may help prevent oversizing. 

 

On the subject of boiler maintenance, the Design Consultant remarked that: 

 

“The suspicion is that the output of the boiler/burner combination reduces over the life 

of the equipment, this would mainly be due to a coating of the heat exchanger surfaces 

inside the boiler. As a design engineer, it would be wise to take account of this reducing 

output capacity, by adding a small design margin” (CS2-P11). 

 

Although the Design Consultant states the use of a small design margin, margins quoted within the 

industry literature suggest that values of up 10% to cover off any maintenance related issues such as 

operational ‘wear and tear’ are applied, see Table 6-1.  

 

6.3.3 Design  

As the discussion progressed, it was highlighted that within commercial and industrial applications, 

more than one boiler is always used. The Design Consultant stressed however, that the selection of 

boilers to meet a certain capacity requirement was very much the choice of the Design Engineer and 

is rarely specified by the client. The Consultant then went on to explain an example scenario whereby 

a 1,200kW heating capacity is required, stating that: 

 

“two 600kW boilers could be used, or two 800kW boilers could be used, or instead two 

1,200kW boilers could be used; all three choices could be correct depending on the 
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application, and how critical it is to maintain the load. As an alternative, three boilers 

could also be chosen” (CS2-P11). 

 

Various boiler selection scenarios to meet a requirement of 1,200kW are illustrated in Figure 6-4. The 

capability of the installation as a percentage of the design boiler load within the selected examples, 

varies from 100% to 200%, a ‘worst-case’ capacity excess of 100%. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6-4. Illustration of correct sizing options for a 1,200kW boiler installation 
 

Once the size and selection of boilers are chosen, there is then the issue of choosing a specific product 

from a specific manufacturer. For example:  

 

“Assuming the choice is three 800kW boilers when a specific product is chosen, it might 

be that a manufacturer only produces a boiler of 750kW and the next size up is 900kW; 

in this scenario, the installer has to choose the three 900kW boilers” (CS2-P11). 

 

This results in another appreciable margin that is categorised in Table 6-1 as the ‘installers uplift’. 

Whilst on the topic of boiler procurement, the Design Consultant remarked that: 

 

“Care should be taken when choosing boilers from manufacturer’s websites; the thermal 

output of the boilers will vary depending on the heating water flow and return 

temperature and the design information should be given to the manufacturer to allow 

them to produce a specific technical quotation for the particular design conditions that 
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are required on that project. Lower flow and return temperatures give higher outputs 

from boilers…  this can cause oversizing of the installed boiler capacity” (CS2-P11). 

 

This comment relates to a margin category that tends to be applied to mitigate against uncertainties 

relating to ‘in-situ performance compared to theoretical performance’. As illustrated in Table 6-1, 

this can correspond to a margin uplift of up to 20%. 

 

6.3.4 The use of worst-case scenarios throughout 

Speaking more generally about the design process, the Design Consultant mentioned: 

 

“When the design Information is being calculated a worst-case is always considered, the 

heat loss from building fabric and air infiltration losses, give this worst-case scenario” 

(CS2-P11).   

 

This again refers back to the issue of margins that are applied to engineering calculations however, 

on analysing the interview notes, it was also observed that no reference was made to building ‘heat 

gains’; this might go some way to explain why many UK hospitals are always too hot. Heat gains from 

humans typically equate to 100W per person (CIBSE, 2006a). Hospital buildings may have in excess 

of 4,000 occupants leading to significant heat gains of 400kW. Similarly, heat gains from non-LED 

lighting emits approximately 15W/m2 of heat (CIBSE, 2012a); which for a 100m x 100m building this 

would equate to 150kW. Within a hospital, there are many other types of equipment that give out 

heat, these include office equipment, fridges and energy intensive medical equipment such as MRI 

Scanners that give off so much heat they need to be permanently cooled. Importantly, none of these 

human or equipment heat gains appear to be taken into account when heat loss calculations are 

undertaken, as a consequence, the peak load that is required by the boilers, is likely to be much less 

than the design heating load. This concern was raised in a brief telephone follow up discussion with 

the Design Consultant, and indeed confirmed to be the case. 

 

6.3.5 Quality of information 

A final comment from the Design Consultant concluded that: 

 

“One other major item that affects design margins is that wrong information is given by 

third parties to include for future buildings or services. I am aware of a number building 
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service projects, whereby requested design loads have been significantly more than the 

loads that have been realised in practice (CS2-P11). 

 

This was very much the case at the Royal Stoke University Hospital whereby requirements specified 

by the PFI Team, hugely exceeded the actual building requirements, hence, confirming the 

importance of good data and information sources from third party project stakeholders. 

 

6.3.6 Discussion 

As observed by the boiler design scenario presented, it is clear that a range of complex decision 

factors and design considerations need to be made by the Design Engineer during what is a fairly 

simple, boiler design example. The example provided a good insight into multiple factors that 

contribute to the margins, the process of adding margins and the rationale for their inclusion; 

subsequent analysis of the interview notes also enabled the compartmentalisation of the various 

margins relative to the categories provided in Table 6-1.  

 

It can be clearly seen how the accumulation of the various margin categorises can result in huge 

‘excess’ leading to building services overdesign and poor system performance. It must, however, be 

stressed that not all oversized building service systems are inefficient. An interesting argument put 

forward by Vital Energi during interview discussions relating to the JRH was that oversized CHP’s tend 

to be an exception. This is due to the turn down capability of these machines that allow efficient 

operation down to as little as 50% load; this makes an important point that some systems that are 

oversized do not necessarily have a negative impact on performance but do provide a better 

economic return (CS3-P6). That said, this example does not extend to wider HVAC systems, therefore, 

similar reflections and decision processes need to be appraised when considering the design of other 

types of building service systems such as those required for cooling, ventilation, pumps and direct 

expansion (DX) refrigeration units.  

 

6.3.7 Margins at the key stages of building services design 

As both the consultant interview and the CIBSE guidelines highlight, the application of design margins 

occurs at the various stages of building services, the cumulative effect of which often leads to 

oversized building service plant and equipment and poor energy performance. Figure 6-5 is a 

modified illustration of a basic figure first published in CIBSE’s margins report (1998) whereby the 

original text is highlighted using shapes with red borders. 
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Figure 6-5. Accumulation of design margins leading to oversized plant and poor energy performance 

 

The original figure (red boxes) was augmented with the findings of this research (black boxes).  It 

shows some basic rationale for the inclusion of the margins across the key margin groups within the 

specification, design and installation project phases. Figure 6-5 also provides a list of typical plant 

impacted by the margins as well as impact factors resulting in poor energy performance.  

 

6.3.8 Design margins and flexibility 

Flexibility provides the ability for function to change over time if necessary; therefore, this is usually 

seen as a good thing. Eckert et al. (2013) claim that “most components or systems have the ability to 

absorb some degree of change. This arises from incorporating margins. These are added by different 

stakeholders for a variety of reasons” (Eckert et al., 2013). However, margins are added throughout 

the design process and therefore can accumulate. This can lead to products with cumulative marginal 

parameters, additions which add cost and may reduce functionality, but do not enhance flexibility. 

 

In the case of the Stoke boiler design, it is not clear who was adding additional capacity and at what 

points in the process? Eckert et al. (2013) “advocate assessing the flexibility of a product by 

systematically anticipating and rating the potential changes to ‘future proof’ the design.” This may 

have been an attempt at future proofing the design. However, in practice it has just set an 
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overwhelming high benchmark from which to begin reducing energy consumption, making this task 

more difficult. There is a general tendency in the NHS to move towards home care and community 

settings, it is there for questionable whether additional boiler thermal capacity will be required, in 

future years. Eckert et al. (2013) highlight the fact that “almost all complex products are designed by 

modification from an existing product, so that engineering change starts right at the beginning of 

design processes and continues throughout the process as adaptations are made to existing 

components” this brings into question whether hospital decisions for HVAC load requirements are 

based upon previous PFI contract or hospital practices, rather than specifically tailored to the exact 

needs of each site. 

 

6.3.9 Margins and their influencing and resultant factors 

As discussed, margins are applied for a variety of reasons by multiple stakeholders across various 

stages of the design process. Figure 6-6 provides an overview of margins typically applied during the 

specification, design and installation phases of a hospital building services project, together with a 

model of technical, psychological and organisational influences.  

 

 
Figure 6-6. Accumulation of design margins and influences, leading to over-sized plant 
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The figure has been based on a mix of empirical evidence (including many observations identified 

within the RSUH and JRH case studies), industry publications and the author’s professional practice. 

‘Safety and risk’ margins are applied across all stages of the project whilst other margins are very 

specific to each project stage. Psychological factors look at the cognitive influences that account for 

the margins. Technical factors capture the physical and practical need for margins and organisational 

factors look at policy and strategic influences and the resultant impact on energy, carbon and costs. 

 

6.4 The energy and cost implications of overdesign 

Both the RSUH and JRH have oversized systems, as explained in Chapter 5. To understand the cost 

and wastage associated with this, the systems are compared to systems that meet but do not exceed 

the known maximum load. Note in practice the maximum load value, does require a buffer.  

 

The energy cost calculations have been based on energy tariffs at the time of the relevant case 

studies, hence the cost of natural gas and electricity are likely to have increased. Due to the volatility 

of energy prices currently, gas and electricity costs are forecast to rise significantly over the short 

term with reported increases of up to 30% for 2022, compared to 2021 energy tariffs91. These tariff 

increases will result in serious cost implications to the NHS potentially increasing energy expenditure 

in hospitals by a further £195m per year, based on published energy costs (2020-21 ERIC Data)92. This 

amplifies the importance of careful building services design ensuring systems are correctly sized for 

optimum performance. 

 

6.5.1 Royal Stoke University Hospital – boiler system 

The financial impact of excess margins that lead to oversizing of building services is apparent across 

the whole life cycle of the installation. In the first instance, the capital cost of the boiler upgrade 

which includes the design, supply of equipment, the installation and commissioning increases in 

approximate proportion to the size of the installation, hence a system that is twice the size, is 

generally, twice the cost (CS2-P11).  Standing losses are radiated heat losses from a boiler when it is 

sitting idle on standby and are typically quoted as being in the order of 3% of the boiler installed 

capacity (Kenna, 2009); the inefficiency of the installation is therefore relative to the size of the plant.  

 
91 Energy tariff price increases 2022, The Guardian – Source online at:  
https://www.theguardian.com/money/2021/oct/07/uk-energy-bills-could-rise-30-in-2022-warn-analysts (Accessed on 
1/01/2022) 
92 Estates Returns Information Collection - Summary page and dataset for ERIC 2020/21 – Source online at: 
https://digital.nhs.uk/data-and-information/publications/statistical/estates-returns-information-collection/england-
2020-21 (Accessed on 1/01/2022) 
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Appendix B provides simple boiler standing loss calculations to determine the scope of energy and 

cost savings, compared to a boiler system that is better suited to the site requirements. Calculations 

are based on maximum load values, which for practical purposes include the buffer element of the 

margin. This simple comparative calculation demonstrates that had the boiler plant been 

appropriately sized to meet the site thermal demands, energy costs and consumption as a result of 

standing thermal losses would have been reduced by £99,076 and 3,416,400kWh respectively, per 

year; this is in essence the additional cost and consumption resulting from the margin excess. Over 

the twenty-year life span of the boilers, costs associated with boiler standing losses would therefore 

have been reduced by almost £2M, had the boiler plant been appropriately sized. 

 

Optimising the size of the boilers would have therefore significantly reduced the level of 

environmental pollution and expenditure associated with the oversizing of this plant. Oversizing can 

also lead to reduced plant life resulting in accelerated ‘wear and tear’ from on/off operation, rather 

than a continuous steady load. This can result in the premature replacement of plant and hence 

further cost implications. Boiler maintenance and repair costs are also naturally affected by 

oversizing, as the larger the boiler components, valves, gaskets, feed-water pumps, pipework etc. 

the higher the cost to service or replace. Costs associated with the decommissioning, removal and 

disposal of plant and equipment will also increase proportionally, relative to its size and weight (CS2-

P11). 

 

6.5.2 John Radcliff Hospital – chilled water system 

Given the overall complex nature of the John Radcliffe hospital centralised cooling system coupled 

with the fact that the system is significantly oversized, hence, inevitably impacting on efficiency and 

performance, an alternative chiller system is modelled to gain an indication of the potential efficiency 

improvement that could be realised, had more conservative and simplistic design been selected. 

 

To ensure the modelling and energy simulation of an alternative system design at the JRH provides a 

meaningful and useful comparator, it was first necessary to model the existing system to determine 

the cooling load requirements of the hospital site, as well as, the anticipated annual energy 

consumption of the cooling systems, key components. The calculations and methodology undertaken 

to make the comparison are provided in detail within Appendix C.  
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6.5.2.1 Discussion - existing and alternative chiller systems 

Both the existing and alternative chiller systems meet the hospital site cooling demands, whilst 

providing system redundancy, albeit from very different system configurations. From a sizing 

perspective, the existing system capacity is significantly greater than the current peak cooling 

demand of the site, as discussed in detail within section 5.4. The alternative system, on the other 

hand, is made up of chiller units that are of smaller capacity that better match the fluctuating cooling 

demand over the year. When comparing existing and alternative systems, it should be noted that the 

total annual operational energy consumption of the existing system is 295% greater than the 

alternative system design.  

 

In addition to the oversized capacity of the existing system, another key factor leading to its increased 

operational energy usage is the over complexity of the system and the multiple levels of redundancy 

that feature within the system design. The existing chiller system utilises heat from the CHP, the 

combination boiler and the two steam boilers, to drive the absorption-based chillers, under differing 

operating conditions. A large proportion of the heat utilised for the absorption cooling process is 

‘waste heat’ from the CHP and whilst this provides some cooling efficiency benefit, this tends to be 

offset by thermal losses of the large complex system, absorption chiller parasitic losses, additional 

pump and water distribution requirements and the need to maintain the temperature parameters 

of the steam boiler system as an ‘alternative’ redundancy solution, in the event of a CHP failure. The 

existing system also utilises an electric chiller to cover during periods of low cooling demand, or when 

thermal energy is not available. Other undesirable features of the system include, high operational 

energy costs, high capital costs of the oversized and complex system components, high maintenance 

costs and a high level of embedded carbon within the numerous system components (Hein, 2020). 

The annual operational costs and carbon emissions associated with the existing cooling system are 

£230,368 and 879 tonnes CO2e respectively.  

 

As seen from the alterative cooling system example, this provides better energy performance, fewer 

system components leading to reduced embedded carbon, better capacity management and less 

complexity, whilst maintaining the overall cooling and redundancy requirements of the system. The 

annual operational costs and associated carbon emissions of the alternative cooling system are 

£158,947 and 369 tonnes CO2e respectively, thereby providing energy consumption savings of 

2,819,241 kWh, energy cost saving of £71,421 and carbon savings of 510 tonnes CO2e when 

compared to the existing chiller system. 
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6.5 Conclusion  

Both from a practitioner’s perspective and the academic literature there is substantial evidence that 

design margins in building services are currently too large. The excessive application and cumulative 

effect of design margins is resulting in oversized systems that lead to inefficient operation and poor 

energy performance, as illustrated by the calculations within this chapter. Design margins can be 

seen as part of the wider problem of overengineering, coupled with design deficiencies and a lack of 

feedback to design (CIBSE, 1998). It is therefore important that clear guidance on the use of margins 

is provided by institutions such as BSRIA and CIBSE, both in terms of the ‘size’ or ‘dimension’ of 

margins to apply, but also the rationale and context for their inclusion. Hence, a key output of this 

research is the recommendation that building service institutions revisit their guidance documents 

with a view to reducing the current ambiguity within the design process that is leading to oversized 

and inefficient systems. 

 

From discussions during the professional practice interview, it is evident that margins are added as a 

matter of habit with no real thought as to whether they are really applicable to a particular situation, 

thus calling into question the issue of design procedures. Buildings are still not delivering their 

expected performance, therefore a clear client brief, a detailed design specification, transparency of 

margins applied and design assumptions made, effective communications between design teams and 

good design feedback will all contribute to reduced margins, effective design and efficient building 

performance. 

 

The chapter also highlights other important factors resulting in building services overdesign. Unclear 

requirements within NHS hospitals are a huge issue that fundamentally prevents design engineers 

specifying optimally sized systems, hence, there is a significant need for improved data, information 

and analysis. This will help go some way in ensuring that hospitals end up with 6MW not 26MW, 

negating that huge ‘margin excess’ of 20MW, as observed at the RSUH. 

 

The cautionary approach to design and the need for resilience in hospitals is also seen as huge 

contributor to oversizing. Whilst it is recognised that a ‘margin buffer’ is required to provide resilience 

in the event of catastrophic breakdown, better use of data and information coupled with effective 

design processes should help keep redundancy system sizes to a minimum, ensuring that any “margin 

excess” is designed out. 
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Chapter 7  
Barriers to Successful Energy Management   

 

Overdesign is an important but often overlooked factor when considering successful energy 

management. This chapter looks at the barriers associated with effective energy management and 

energy efficiency, both from the literature and practical perspectives. 

 

7.1 Classification of barriers  

The analysis in this chapter is based on the classification of Schleich and Gruber (2008), see section 

2.2.2, which has also been used to structure the case study descriptions.  

 

The case studies showed that all five barrier categories, to a greater or lesser extent, were observed 

to impact the energy management function across the two case study hospital organisations. Whilst 

barriers such as financial and organisational constraints, risk and uncertainty and bounded rationality 

were observed across both case studies from a general energy management and efficiency 

perspective, these barriers became even more apparent when studying the building service 

overdesign problem, first observed at the RSUH.  

 

Research into the overdesign issue, initially in the RSUH and subsequently at the JRH in Oxfordshire, 

revealed that many of the barriers quoted within the literature in respect to energy efficiency 

specifically, also have a profound impact on the funding, procurement, design and operation of 

hospital building service systems. Paradoxically, barriers associated with building services 

overdesign, inadvertently impact on the energy efficiency performance of hospital buildings, as 

discussed in detail within Chapters 6 and 8. 

 

No obvious references to either ‘design margins’ or ‘building services overdesign’ have been made 

within the academic literature as being potential barriers to energy efficiency besides the limited 

number of published papers associated with the research of this thesis. 

 

7.2 Exploration of ‘general’ barriers to energy efficiency 

Given that these ‘hidden barriers’ are not well documented, two research workshops were 

undertaken at the NHS, Eastwood Park Training Centre on November 2017 and March 2018 to 

establish if the ‘overdesign’ of building services was recognised amongst Energy and Estate Managers 
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working within the NHS, as being a barrier to energy efficiency as described in detail within the 

methodology Chapter 4, section 4.8. The delegates were asked to provide details of known barriers 

on ‘post-it’ notes in respect to six pre-defined barrier domains. The categories were based on an 

amalgamation of the Schleich and Gruber (2008) and the Gupta et al. (2017) classifications but 

phrased in more simple terms. Governmental requirements in the Gupta classification were phrased 

as ‘policy requirements’, as governmental issues are expressed as policy to the Energy Managers. 

This factor is absent in the Schleich and Gruber (2008) classification. The ‘governance and 

organisational constraints’ category covered uncertainty and risk, organisational and social barriers 

as well as the investor/user dilemma. ‘Data and reporting’ covered the interaction and other 

transaction costs category in the Schleich and Gruber (2008), which had no equivalent in Gupta et al. 

(2017). The ‘people’ category replaced the rather more specific points of the bounded rationality 

knowledge and learning barrier. Capital constraints and economic and financial barriers were 

summarised under ‘economic’. The ‘technical and buildings’ category picked on market related and 

technical barriers in the Gupta et al. (2017) categories. Figure 7-1 provides an illustration of the 

mapping of the two literature classifications into the new set. 

 
 

 
Figure 7-1. Amalgamation of Schleich and Gruber and the Gupta et al. classifications 

 

In order to understand the perceived level of impact from each barrier presented, the wall chart 

domains were divided up into High (H), Medium (M) or Low (L) impact categories, and delegates were 

asked to place each ‘post-it’ note in its respective place, on the charts. Figure 7-2 provides an 
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illustrative photograph taken at one of the two workshops, to illustrate the layout and format of the 

group activity. 
 

 
Figure 7-2. Group Activity – Barriers to Effective Energy Management - 21st November 2017 

 

Figure 7-3 provides an illustration of two wall charts on completion of the group labelling. 

 

 
Figure 7-3. Example output of Group Activity – People, and Technical and Buildings Domains 

 

The output results of barriers placed across all six chart domains, for the two workshop group 

sessions are illustrated in Table 7-1. 
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Table 7-1. Output results of two evaluation workshops – organised cross six barrier domains 
 

 

Workshop 1 
High/Medium/Low Impact Barriers 

 

 

Workshop 2 
High/Medium/Low Impact Barriers 

Policy Requirements Policy Requirements 

High 
– Capital departmental expenditure limit (CDEL) 
– Finance restraints (capital borrowing limit) 
– Policy contradictions, focus on short-term 
– Long-term health care plans STP 5-year forward 

view 
– Too many sources of information– 

 

High 
– Lack of clear policy and dissemination 
– Staff don’t follow policies - standard 

operating procedures (SOPs) 
– Conflicting targets  
– No Board buy-in 
– BREEAM Requirements 
– No energy policy 
– No Carbon Management 

 

Medium 
– Photovoltaic ‘feed in tariff’ 
– Policy Requirements (i.e. energy and 

sustainability policies, HTM’s and Building 
Regulations) 

– Listed building planning 
 

Medium 
– Requires more stringent in-house targets 
– Conflicts with other policies (i.e. if changing 

taps for reduced flow, conflict with water 
hygiene) 

Low 
– Meeting BREEAM 

 

Low 
– Policies must be agreed with PFI partners 

Governance and organisational constraints Governance and organisational constraints 

High 
– Constant change and effort to maintain basic 

services 
– Long Term Plan and Future Proofing 
– Quality vs. value engineering leading to a lack of 

uptake 
– Competing priorities for the Trust – 

Sustainability might be neglected compared to 
clinical requirements 
 

High 
– Estates not a priority in a Trust 
– No energy managers 
– No finance or budgets 
– Poor governance communications 
– PFI contract variations 
– 18-month average stay for chief executive 
– Lack of engagement from third-party 

contractors 
– PFI on-costs 
– Tied into long-term contracts 

 

Medium 
– “We’ve always done it this way” 
– HTM and policies 
– Competing for time (Resource) 
– Lack of central control from organisational 

constraints (e.g. PFI)    
 

Medium 
–  

Low 
–  

Low 
–  

Data and reporting Data and reporting 

High 
– Poor Historic Data   
– ERIC/PAM/CARTER Reporting – Too much and 

inaccurate   
– Lack of metering infrastructure and people – 

Finance/ Facilities – poor accuracy  
– Lack of metering and data collection to establish 

energy baseline  
 

High 
– Lack of submetering – investment required 
– Lack of metering 
– Poor standards of data collection, 

dependent on one key individual 
– Accuracy of data monitoring 
– Accuracy of M&T, software and resources 
– Having metering in place and data 

accessible 
– Inappropriate representation in ERIC and 

Model Hospital reporting (i.e. gas use from 
CHPs) unfair on energy managers 
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Medium 
– Known poor data used by Policy Makers to guide 

decisions 
– Lack of metering, monitoring and energy 

benchmarking 
 

Medium 
– Wrongly specified metering equipment, or 

equipment that doesn’t do what is 
promised 

– Examples of CHP failures due to poor data 
at design stage 
 

Low 
–  

Low 
–  

People People 

High 
– Indecision 
– Lack of management buy-in 
– Lack of understanding of new finance models 
– Buy-in of other departments (i.e. Procurement 

and IT) 
– Drive and ambition at senior board level 
– Lack of staff involvement 
– Lack of skills and experience 
– Lack of top-level interest 
– Restructures – key sustainability champions 

leave/made redundant 
– Staff not wanting to save energy 
– Lack of trust 

 

High 
– Staff resistance to change 
– ‘Old school’ energy managers 
– Ownership 
– Communicating the technical side to staff – 

‘tend to switch off when we get technical’ 
– Getting staff to understand that simple 

things at home (i.e. switch to LEDs) isn’t as 
easy in hospital setting 
 

Medium 
– Training/competency 
– Lack of resource 
– Different concerns/priorities 
– Behaviour and mentality of staff/colleagues 
– Responsibilities or roles change and cause gaps 

in knowledge of site 
– Lack of buy-in at senior level for investment 
– Peoples’ knowledge and understanding 
– Clinical/non-clinical differences 
 

Medium 
– Many staff assistant to change 
– Lack of life-cycle understanding in buildings 

– build/manage/maintain 
– Buying from technical specialists (i.e. 

authorised persons) 
– Having the reassurance/people with the 

right skills 

Low 
– Negative staff attitudes – “why bother saving 

energy it’s not my money”  
– Saving money conflicts with investment  
– Bad marketing of energy efficiency 

 

Low 
–  

Economic Economic 

High 
– Lack of capital finance 
– Long-term vision versus short-term deliverability 
– Funding 
– Budget cuts 
– Cost improvement programmes (CIPs) 
– Energy grants no longer available 
– Borrowing limits reached 

 

High 
– No money for investment 
– PFI on costs 

Medium 
– Procurement Barriers 
– Lack of long-term funding 

 

Medium 
– No Reinvestment from Cost Improvement 

Programmes (CIP) 
– Extended payback periods 

 

Low 
–  

Low 
–  

Technical and buildings Technical and buildings 

High High 
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– Inappropriate technology 
– High backlog maintenance means we are more 

reactive 
– Poor digitalisation of a estate 
– Lack of skills/investment in engineering 
– Age of fabric of building 
– Adaptability of building infrastructure 
– Condition of the estate 

 

– Poor heat controls of new and old–
buildings leading to open windows 

– Old boilers/steam generation 
– Old estate - 30% not efficient 
– Bespoke BMS systems that are difficult to 

develop 
– Obsolete BMS 
– Ageing estate 

 

Medium 
– Large maintenance backlog/aging estate 
– Inappropriate technology 
– Lack of expertise 
– Managing customers/Trust – in-house versus 

contracted or outsourced 
– Life cycle maintenance  
– Lack of maintenance skills 
– Lack of funding 
– Insufficient training 
– Backlog maintenance    

 

Medium 
– Aging equipment maintained ‘like for like’ 
– PFI restrictions 
– Lack of heating controls at point of use 
– Spread out site, reuse of old buildings 

Low 
–  

Low 
–  

 
 

The factors listed in both workshops are complementary and have very little direct overlap in how 

the post-it notes were phrased, that is besides a clear statement in both cases that there was a lack 

of capital funding. However, when reading the notes together they tell a similar story for both 

workshops. 14 NHS participants provided a total of 122 responses, each participant on average 

identified between 8 and 9 barriers, split between 57% in Group 1 compared to 43% for Group 2, see 

Figure 7-4. 

 

 
Figure 7-4. Representation of all barriers identified across six groups within high, medium and low impact 

categories – groups 1 and 2 combined 
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7.2.1 Discussion of workshop outcomes 

The factors are not independent and at times it can be difficult to differentiate between root causes 

and the manifestations, e.g., restricted funding is largely caused by government policy.  

 

The greatest number of barrier responses were attributed to ‘people’ whereby concerns were 

conveyed over NHS culture and attitudes expressing lack of engagement and ambition from senior 

managers and a general resistance to change. This supports similar comments made by interviewees 

during the case study research, which all illustrate a lack of engagement by senior management.  A 

lack of skills, experience and training opportunity with regard to building maintenance, were also 

reoccurring themes of concern. This is also a reflection of the large staff fluctuation commented on 

in all three case studies and the inability to fill vacancies. Some of the issues of missing data can also 

be attributed to a lack of skilled staff.  

 

The technical and buildings category came second in terms of the greatest number of responses. 

Many of the responses referred to the NHS ageing estate and backlog maintenance being attributable 

to poor energy efficiency; this again supports comments made by senior managers during the JRH 

case study; the use of inappropriate technology and poor building (BMS) controls were also 

expressed as significant barriers. This is also related to policy issues, as funding for new buildings is 

often promised and then not delivered. Both the NUH and the RSUH found themselves using 

buildings that they had assumed would be decommissioned.  

 

Policy requirements, and governance and organisational constraints received similar levels of 

responses. Barriers presented for these two groups were wide ranging and echoed those identified 

within the case study organisations. It is evident that external governance factors such as policy 

requirements and compliance, and internal governance factors such as constant organisational 

changes, competing priorities for finance, long term PFI contracts and poor governance & 

communications, all have a significant impact on energy efficiency practices. The policy factors in the 

case studies also had a significant effect on the available funding.  

 

As in the case studies, data and reporting were also flagged as a significant barrier, confirming the 

scale of the data issue, particularly with regard to metering and submetering. The lack of data and 

data management had also been significant factors in the setting of the very high requirements for 

the system in both the RSUH and the JRH.  
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Surprisingly, the ‘economic’ group had fewest barrier contribution numbers. Although discussions 

immediately after the exercise, but still during the workshops revealed that funding and finance 

issues were taken as a given issue, and therefore not reported widely on post-it notes. As with the 

other barriers groups, many of the specific barriers raised within the ‘economic’ category supported 

those issues initially highlighted within the research case studies of Chapter 5. NHS borrowing limits, 

and a general lack of capital finance were highlighted as significant barriers. 

 

A higher number of barrier responses in any of the six categories discussed does not necessarily 

correlate to greater barrier problems within that category, but this had never been the intention of 

the barrier workshops. However, the workshop showed that the factors identified in the case studies 

recurred in many other NHS Trusts. 

 

7.3 Building services ‘project related’ barriers to energy efficiency 

Barriers to energy management apply through the entire lifecycle of the building service system. 

When summarising the understanding derived from the hospital case studies and other experience, 

it was considered important to establish the types of barriers that potentially impact on the planning 

and design, construction and operational phases of a building services project. To ascertain these 

barriers, it was first necessary to understand the various project considerations that come into play 

during the planning and design phase, and the impact factors associated with the construction and 

operational phases. Sections 7.3.1, 7.3.2 and 7.3.3 have been developed using various data and 

information sources: learning from the RSUH and JRH case studies, insights from the research 

workshops with energy managers, reflections of discussions with the design consultant (CS2-P11), 

the understanding of relevant building services literature and the authors experience. On review of 

the aforementioned sources, various project considerations and impact factors were listed for the 

three project phases. Factors listed are not intended to be an exhaustive list but capture the main 

elements arising from the research of this thesis. All project considerations and impact factors were 

then mapped against ‘potential’ and ‘actual’ barriers. Potential barriers are those categorised as 

‘general’ as these can apply to all hospitals, whereas ‘actual’ barriers are those extracted from the 

RSUH and JRH case studies. For example, a general barrier associated with ‘policy’ requirements 

during the planning and design phase (see Table 7-2) is that of NHS borrowing limits, as highlighted 

in the research workshops (see Table 7-1). This is a Government restriction that prevents hospitals 

obtaining capital finance; a policy that is applicable to all NHS hospitals, hence categorised a general 

barrier. Another barrier that is specifically relevant to a case study of this thesis, is that of 

Government ‘policy’ which requires outline and full business case approvals. This requirement can 
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result in significant disruption to the planning stages of a project, sometimes up to 10 years as seen 

at the RSUH. It is important to note that barriers identified within the case studies are not necessarily 

unique to that case but may also be applicable to other hospital Trusts. The method and reasoning 

described has been applied to each of the project considerations and impact factors, detailed within 

the following sections. 

7.3.1 Planning and design phase – barriers 

The planning and design phase consists of many elements that need to be considered during this 

early stage of project development. With each of these, come a range of barriers that can potentially 

impact on project progress and performance. Table 7-2 provides a list of these considerations and 

associated barriers. 
 

Table 7-2. Table illustrating Planning and Design Phase Impact Factors and associated Barriers 
 

Project 
Considerations 

General Project Barriers Barriers relevant to case studies 
(RSUH/JRH) 

Policy National – setting of building regulations (Part L),  
but no mention of design margins or sizing 
rationale. 
Regional – Regional Plans, Merton Rule  
Local – Planning Policy (i.e. BREEAM) 
NHS borrowing limits preventing funding of energy 
efficiency projects. 

RSUH - Government funding policy forcing the use of 
PFI arrangements for new hospital buildings.  
No specific regulation or guidance for building 
services sizing. 
Government requirements for outline and full 
business case approvals extended the project 
duration in excess of 10 years.   
JRH - Trust exploiting ‘one off’ funding opportunities 
as a result of Treasury policy limits on funding. 
RSUH / JRH - Unable to meet NHS carbon reduction 
policy targets.  

Major stakeholders Requirements assessment prior to design. 
The availability of specialist construction 
contractors heavily restricted due to labour and 
skills shortage. 
 

RSUH - Improper capacity requirements stated by PFI 
design team, risk adverse Trust agreed to PFI requests 
for capacity; Trust board dismissive of estates 
concerns. 
JRH - Main contractor providing continuity of project 
leading to Trust reliance on external contractor. 
Framework provider undertaking M&V for 
‘guaranteed’ savings.    

Selection and 
appointment of 
planning and design 
actors 

Lack of available expertise in construction industry 
due to skills shortage.       
Architects & building service engineers in short 
supply resulting in limited partner choices. 
  

RSUH - Designers selected by the ‘SPV’ are bias 
towards best outcomes of PFI at the detriment of the 
hospital Trust.      
JRH - Trust urged centrally to use CEF procurement 
framework resulting in limited choice of potential 
contractors and reduced market competition. 

Conceptual design The use of ‘rules of thumb’ estimates. 
Excess use of design margins. 
Cautious approach to design. 
 

RSUH - Initial design capacity requirements upheld 
resulting in oversized boiler system. 
JRH - Initial design calculations indicated a reduced 
capacity requirement compared to Trust project 
specification.     

Planning consent Regional – Regional Plans, Merton Rule  
Local – Planning policy and applications 
Requirement to meet BREEAM ‘Excellent’ in new 
healthcare buildings to gain planning consent - 
controversial point system. 

RSUH /JRH - No known impacts. 

Design Specification  
 

Lack of funds for detailed feasibility studies and 
data analysis. 
Cautious approach to design leading to excessive 
safety and engineering margins. 
Use of ‘rule of thumb’ estimates. 
Uncertainties with regard to future demands. 
Poor requirements data/information. 

RSUH - Specification provided by PFI design team for 
thermal requirements of new hospital likely to have 
been based on worst case scenario and heuristic 
‘rules of thumb’ estimates. 
JRH - No knowledge of rationale behind development 
of Trust specification that was significantly overstated 
at 3 times the peak load cooling capacity of the site. 
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Life-cycle analysis Life cycle analysis often not undertaken for 
building service projects. 

RSUH / JRH - No evidence of any life cycle analysis 
being undertaken. Large oversized equipment 
impacting on production, operation and disposal 
costs.  

Installer’s selection 
and expertise 

Installers margins & competency of procurement 
allowing insufficient lead-time 
 

RSUH / JRH - Unaware of the details from information 
presented, however, likely to have applied the ‘next 
size up’ approach to both project designs due to 
limited equipment capacity ranges from 
manufacturers.  

Financial options 
appraisal 

Value engineering (first wave) 
Limited appraisal of all available design and 
equipment options. 
 

RSUH - No visibility of PFI financial options appraisal.   
JRH - Financial options appraisal undertaken showing 
poor ROI for chillers, despite this, Trust still went 
ahead with chiller upgrade project.   

 

7.3.2 Construction phase – barriers 

The construction phase of a building service project includes various factors that could impact on 

project installation. 

Table 7-3 provides a list of these factors and associated barriers. 

 
Table 7-3. Table illustrating Construction Phase Impact Factors and associated Barriers 

 

Impact 
Factors 

General Project Barriers Barriers relevant to case studies 
(RSUH/JRH) 

Physical 
Construction 
Installations  
 

The quality of ad-hoc solutions. 
Excessive complexity adding capital cost and 
future breakdown potential. 
 

RSUH /JRH - Oversized plant and equipment adding 
significant capital and installation costs to project - risk 
of exceeding budget. 
RSUH / JRH  – Greater spatial requirements to house 
equipment. 
JRH – Increased pumping costs due to orientation of 
chillers and heat rejection units. 

Skills/aptitude 
limitations (all 
actors)  
 

Increased probability of defects and reliability 
problems due to poor workmanship. 
Bound by previous knowledge, experience and 
biases. 

RSUH - No known impacts. 
JRH - No known impacts. 

Time constraints 
leading to revised 
design  

Change Management - short cuts.   
Cutting-off fundamental features due to project 
time constraints.  
Project overruns. 

RSUH – Due to concerns of delay to start of PFI 
construction programme and associated cost penalties, 
capacity requirements demanded by PFI were not 
checked or challenged. 

Availability of 
materials and 
equipment  
 

Associated compromise of equipment selection.  
Delayed project launch leading to increased fees. 

RSUH - No known impacts. 
JRH - No known impacts. 

Behavioural 
constraints (All 
actors) 
 

Quality compromised by convenience and laziness 
affecting long-term efficiency. 
Unable to make effective installation choices. 
Custom and practice “always done it this way”. 

RSUH - No known impacts. 
JRH - No known impacts. 

The culture of the 
way buildings are 
built  
 

Pressure to handover on time leads to short cuts & 
significant financial penalties. 
Unique ‘one off’ building designs lead to 
customisation but not necessarily optimisation of 
building stock. 
Overengineering to mitigate risk and uncertainty. 

RSUH / JRH - Excessive installation margins on 
engineering systems despite improved regulations on 
building fabric. 

Time pressures 
on 
commissioning  
 

Final stage to ensure systems operate optimally. 
Commissioning process often rushed due to 
organisational requirement to occupy building.  
Shortcuts often taken. 

RSUH - No known impacts. 
JRH - No known impacts. 

Commissioning 
engineers – work 
quality 
 

Quality of work, time pressures, aptitude for 
precision. 
Technology set to defaults and not optimised as 
intended.  

RSUH - Retrospective replacement of boiler burners 
suggest that poor turndown was not considered at 
design or commissioning stages. 
JRH - Reported failures on chiller and heat exchange 
equipment suggests inappropriate commissioning took 
place.  
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7.3.3 Operational phase – barriers 

Day-to-day energy management and operation of building service systems within hospitals can be 

impacted by a large range of complex factors. Table 7-4 provides a list of these factors and associated 

barriers. 

Table 7-4. Table illustrating Operational Phase Impact Factors and associated Barriers 
 

Impact 
Factors 

General Barriers Barriers relevant to case studies 
(RSUH/JRH) 

Forecasted vs. 
Actual Use 
 

Variances in demand requirements from design or 
commissioning stage to in use. 
Inability to modulate systems due to poor turn-
down ratios. 

RSUH – Reduction in fluorescent lighting overtime 
reduces internal heat gains exacerbating the 
overdesign issue. 
RSUH - In use energy requirements significantly lower 
than those forecasted. 
JRH - In use requirements not met effectively due to 
over complex system architecture.  

Inconsiderate use 
by stakeholders  
 

Energy use - ‘don’t pay, don’t care’ attitude. 
Windows opened by occupants due to 
overheating. 
Lights left on in areas that are unoccupied.  
Procurement of DX cooling systems by clinical 
consultants with no regard to energy implications. 

RSUH – Evidence of over-heating due to inadequate 
heating controls neglected during new boiler design – 
windows opened by staff.  
JRH - Not relevant to case study. 

Increased energy 
intensity of 
medical 
equipment 
 

Advances in technology could reverse the current 
trend, towards the miniaturisation of medical 
devices thus reducing heat gains and reducing the 
cooling capacity requirement of hospital buildings. 

RSUH - Internal heat gains resulting from medical 
devices not fully assessed when considering boiler 
thermal requirements. 
JRH - Future miniaturisation of medical devices could 
reduce heat gains and therefore the need for cooling 
capacity. 

Reliance on the 
technology rather 
than people 
 

Perception that Low Carbon Buildings don’t need 
energy efficient behaviour. 
Complication BMS systems adding to energy 
consumption due to a lack of maintenance and 
optimisation.  
 

RSUH - Not relevant to case study. 
JRH - Not relevant to case study. 

Internal 
governance - 
policy constraints  

Bureaucracy that make the energy initiatives 
process slow. 
 

RSUH - No obligation on PFI to improve energy 
efficiency or reduce energy consumption within 
contract terms. 

Availability and 
Analysis of Data - 
Metrics 
 

Insufficient metering and associated reporting.  
 

RSUH - Poor normalisation data results in lack of PFI 
accountability. 
JRH - No independent verification of ‘guaranteed 
savings’ from EPC contract arrangements.  

Inadequate 
Maintenance  
 

Staff training costs and limitations in knowledge. 
 

RSUH - High capacity equipment requires a higher 
maintenance budget leading to potential equipment 
neglect. Specialist or non-standard equipment requires 
costly external contract services. 

Missed 
Opportunities 
during 
Refurbishment  
 

Time, financial and operational pressures 
associated with refurbishment project leading to 
imperfect outcomes. 
Limited budget leading to value engineering and 
no consideration for sustainable development 
opportunities. 

RSUH - Not relevant to case study. 
JRH - Not relevant to case study. 

Access to Capital 
Finance 
 

Energy improvements and backlog maintenance, 
high costs associated with feasibility studies.  
Trust borrowing limits. 

RSUH - PFI financial terms with high interest rates 
reduce ability of Trust to afford expenditure on energy 
efficiency measures.   

Influence and 
Power of 
Stakeholders  
 

Medical equipment over estates infrastructure.     
Private sector organisations capitalising from 
public sector organisations through PFI and EPC 
arrangements. 

RSUH - Non technical senior managers making 
uniformed energy infrastructure decisions. PFI having 
ultimate control over hospital building to the 
detriment of energy efficiency.  
JRH - Main contractor providing continuity and 
influence over installed systems. 

NHS Culture 
 

Plodders, lack of ambition, self-preservation, 
unwillingness to change or take risk.  
 

RSUH / JRH - Risk adverse culture adopting huge 
redundancy systems for resilience. High turnover of 
staff leading to loss of site specific knowledge and 
experience. Institutionalisation resulting in drawn out 
processes, reluctance to change and complex 
governance systems. Difficulties in gaining funding due 
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to NHS bureaucracy. Annual budgeting system 
prevents long-term planning.  

Building Users 
may not be 
Building Owners  
 

Limited influence – PFI Contracts. 
Limited influence – EPC Contracts. 
Non ownership of equipment - 
Investor/user dilemma. 
 
 

RSUH / JRH - Limited influence on system operation 
and future improvements and optimisation of installed 
systems. High costs associated with contract variations 
adding to existing PFI/EPC finance arrangements that 
include interest payments over long periods.  

Lack of Skills - 
Business Case 
Generation  
 

Competition - clinical vs. building infrastructure. 
 

RSUH / JRH – Skills and resource shortages in the NHS 
prevent development of robust business cases for 
energy efficiency. 
Capital finance applications for building energy 
infrastructure compete with clinical cases out of the 
same funding pot.  

Poor Design – 
Building 
Upgrades and 
Retrospective 
Technologies – 
Oversized 
Systems 

Difficult to manage and costly to maintain systems. 
Increased capital and operational costs. 
Oversized and inefficient systems impact on ability 
to meet NHS carbon reduction targets. 

RSUH / JRH - Oversized systems impact on efficiency 
and costs leading to environmental pollution. 
JRH - Poor design, equipment failure and additional 
maintenance costs. 
Complex systems, reliance on external contractors.  

Changing Climate 
 

Greater need for air conditioning. 
System designs to consider flexibility and 
adaptation.  

RSUH / JRH - Uncertainty regarding future climate 
conditions and building service requirements. 
UHNM/ JRH - Inability to meet climate change targets 
due to inefficient and oversized systems. 

Lack of Financial 
Resources for 
Energy Efficiency  
 

Energy efficiency is not a priority. 
Clinical need takes priority over building services.  
 

RSUH / JRH - Trusts forced into EPC arrangements due 
to lack of capital finance - financial arrangements can 
often favour the commercial EPC provider. 
NHS budgeting system prevents long-term planning for 
energy efficiency measures. 

Overload of Low 
Carbon 
Technologies 
 

Marketplace awash of new technologies claiming 
energy efficiency benefits. 
NHS managers baffled by the savings potential of 
new technologies on offer. 
Large choice of technologies and manufacturers - 
difficult to appraise best cost-benefit option. 

RSUH / JRH - Bounded rationalities and cognitive bias 
prevent effective decision choices regarding the best 
technologies for a given application. Technology 
providers can take advantage of NHS lack of suitable 
experience. Reliance on expensive consultants for 
technological support. 

Political and 
Governmental 
Landscape 

Changes in government lead to policy and 
leadership changes, differing priorities and 
economic uncertainty. 

RSUH / JRH - Changes in government create 
uncertainty and risk with regard to NHS restructures 
and reporting lines. 

External 
Governance 
Factors  
 

Compliance requirements in favour of energy-
efficiency investment. 
 

RSUH / JRH - Restrictions is government funding. 
Limited energy management resource - multiple 
energy reporting and compliance requirements to 
meet. 

 

7.4 Insufficient communication as a major barrier 

Through the research of this thesis, it has been established that design margins added, for various 

reasons, during each stage of the specification, design and installation phases of a building services 

project, as described in (section 6.2), inevitably lead to oversized systems. A lack of process co-

ordination is a possible contribution to the excessive application of these margins. To provide an 

example, Figure 7-5 illustrates the design and installation sequence of a boiler upgrade project; this 

model has been developed from an abstraction of the RSUH case study, building service system 

publications, literature findings, dialog from interview CS2-P11 and the knowledge and experience 

of the author (Jones et al., 2018). There is currently no formal detailed mapping of building services 

design processes, therefore drawing on the understanding of the processes to generate a model, 

broken down by major activities would provide a useful visualisation. An analysis was carried out by 

gathering information to establish the various activities that are undertaken at particular stages 
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within the design process. The blue rounded rectangles represent the ‘key activities’ and connecting 

lines outline the various considerations within each key activity.  

 

Figure 7-5 is in the form of a fishbone diagram, starting from client need on the left and moving 

through a central axis, over time, to ‘operation and use’ on the far right. Eight branches that signify 

main design stages extend from the central axis; each main branch then has a number of sub-

branches that represent related design considerations. The figure illustrates that project 

development from left to right, over time, falls into distinct work stages. While the design process 

stages follow a sequence, it is not guaranteed that all information is shared with everyone in 

downstream phases, nor that if shared, such assumptions are challenged (upstream communication).  

For example, a design engineer responsible for calculating the building heating load requirement, 

may not be explicit about assumptions made to those responsible for selecting the boiler profile and 

capacity; similarly, assumptions made when specifying the boiler capacity may then not be passed 

onto the boiler installers. Hence, choices made during one stage are not necessarily questioned or 

challenged when passed to the next stage; stakeholders accept decisions that have been made 

before them and move on. 

  

 
Figure 7-5. Sequence of design stages of a boiler upgrade process 
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In practice, some of the design tasks illustrated may be carried out simultaneously. It is important to 

note that despite the model being a significant simplification of what is a very complex and 

fragmented design process, it does nonetheless provide an overview of the various boiler design 

stages, as well as highlighting the fact that margins are applied throughout the design process. The 

figure includes a single feedback loop that informs future projects, however in practice, feedback 

loops between all tasks would provide a better outcome informing a multitude of design 

considerations and choices, providing important structured learning outcomes to design and 

installation stakeholders. 

 

In summary, Figure 7-5 illustrates that there are a number of design groups (indicated by the blue 

rounded rectangles) that are each making decisions relative to their function and requirements, 

however, it should be noted that no stakeholder group has visibility over the design process as a 

whole. In addition, due to the relative flow of work between the design, installation and 

commissioning groups, there is no ability to challenge the scope of margins applied, once these have 

been introduced by each group, and the design/installation has moved to the next stage. In essence, 

each group works to meet its own requirements without any thought as to what has been applied 

previously.  

 

The importance of better communications between project stakeholders, cannot therefore, be 

emphasised enough. Proposed mitigation measures to overcome poor communications, the excess 

application of margins and a lack of overall project management, are discussed in Chapter 8. 

 

7.5 Barriers and their relationships 

Figure 7-6 provides a detailed illustration of the various barriers that have been established from 

different data and information sources gathered from the RSUH and JRH case studies, the design 

consultant interview (CS2-P11) and the two research ‘barrier’ workshops with NHS energy managers. 

To provide continuity, the main barrier categories are those used during the participant workshops 

(illustrated by blue rounded rectangles). Connected to each of the six main categories are individual 

barriers that have been derived from the analysis of the previously said research sources. A 

distinction has been made between the ‘general’ hospital related barriers to effective energy 

management that are marked in black text, and those barriers that specifically relate to building 

services overdesign, marked in red text. 
 



 206 

 
Figure 7-6. Overview of the various Barriers impacting on Energy Management 

 

Whilst Figure 7-6 provides a detailed illustration of the many barriers to energy efficiency and 

overdesign, it does not show the interrelationships between these barriers. As discussed in section 

7.2, the barriers are highly interrelated.  

 

Overdesign and energy management are closely related, in that, overdesign is the cause of many 

energy management issues, and vice versa (e.g. inadequate data resulting from poor energy 

management impacts on design and oversizing; oversizing then impacts on energy performance 

effecting energy management); both factors, are then impacted by common organisational barriers. 

This complex relationship can be further extended to general barriers that are common across the 

whole of the NHS, and specific barriers that belong to particular Trusts, in certain contexts. A simple 

representation of these complex relationships is shown in Figure 7-7. 

 

As with the preceding figures of this chapter, multiple data and information sources have been used 

in the development of Figure 7-7, the predominant source of information being that of the three 

hospital case studies. 
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Figure 7-7. Relationship between overdesign, energy management and organisational influences 

 

Figure 7-7 illustrates key barriers. Policy and funding constraints are placed on the NHS by 

Government, these constraints are then placed on individual hospital Trusts. Many barrier 

interrelations occur within hospital Trusts. General prioritisation of clinical measures and non-

transparent management strategies have a detrimental impact on energy management, both in 

terms of funding availability and lack of prioritisation. This also impacts on building services 

infrastructure investment. Another major barrier specifically related to building service projects is 

unclear requirements. This strongly relates to poor data availability which in turn leads to the 

inclusion of margins. Due to the risk adverse culture of the NHS and the need for resilience, 

redundancy factors are also added to building service system designs, further adding to the 

overdesign problem. The figure also looks at external influences. Major hospital specific influences 

include PFI and EPC arrangements that provide powerful partner relationships. Barriers between 

external private organisations and hospital Trusts as contract arrangements are always heavily 

restricted and often in favour of the more astute private sector organisations. EPC Partners 

specifically, need to be selected from a limited choice of contractors, this can be further limited by 

the procurement ‘tender’ process. The interview with the JRH case study Director (CS3 -P5) disclosed 

the Trusts option of just two main contractors. EPC contracts together with capital funding limits can 

lead to a situation where the hospital Trusts maximise from the benefit of a ‘one time’ funding 

opportunity as was the case at the JRH where it became apparent that savings achieved through the 
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purchase of new equipment, hid the issue of oversized plant. External barriers that affect all hospitals 

include those associated with people. Poor quality data on which to make sound decisions and a lack 

of knowledge and experience of the overwhelming barrage of low carbon technologies entering the 

marketplace results in a situation whereby ‘bounded rationality’ impacts on the ability to make 

effective decisions. This scenario is further impacted by the movement of senior estates personnel, 

to and from, the private sector. 

 

7.6 Discussion 

There are a multitude of barriers that impact on energy efficiency, either directly, or indirectly as the 

result of overdesign in building service systems. Throughout the chapter there has been a distinction 

between ‘general’ barriers that affect energy management overall, and ‘project related’ barriers that 

impact on the building services overdesign problem. Policy can help drive energy efficiency through 

incentive payments such as the ‘feed-in’ tariffs (FIT) for Photovoltaic (PV) panels. Changes in such 

policies can also result in negative impacts, such as the removal of the FIT in 2019 that resulted in a 

significant decline in the uptake of this technology (Ma et al., 2021). Policy implications such as NHS 

borrowing limits are also seen as problematic preventing hospitals borrowing on the open market to 

fund energy efficiency measures. This emphasises an intrinsic link between policy and financial 

barriers.  

 

Organisational constraints within the NHS are numerous. NHS culture with annualised budgeting 

prevents long term planning of energy efficiency investment. PFI contracts linked to the investor/user 

dilemma (Schleich and Gruber, 2008) severely restrict hospital Trusts implementing energy efficiency 

measures, that is, without facing significant financial penalties. Organisational priorities are another 

significant barrier, favouring medical needs over building infrastructure improvements when 

considering the allocation of limited capital funding has serious implications on building 

infrastructure improvements. This bias towards clinical requirements goes hand-in-hand with a lack 

of senior management buy-in to energy reduction, evident from both the case study findings and 

participant workshops; it is hoped that mandatory ‘net zero’ targets by 2040 will help raise the profile 

of carbon reduction at senior level within the NHS, going forward.   

 

It is evident from the research findings that a lack of good quality data presents a serious issue to 

hospital Energy Managers. From a general energy management perspective, the absence of good 

quality data inhibits the effective monitoring, and therefore control of energy use which inevitability 

impacts on a hospitals ability to determine precise energy use profiles and demand requirements. 
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This leads to serious consequences when trying to size, or correctly specify, new or replacement 

building services infrastructure. The issue is largely due to insufficient energy sub-metering 

infrastructure, resulting from a lack of capital investment but can also result from the incorrect 

analysis and interpretation of data. 

 

This leads onto people barriers. The role of an Energy Manager is wide ranging, and therefore 

requires various skills, training and experience to be effective. From the viewpoint of the author as 

an energy management consultant to various hospital Trusts, the wide range of skills required are 

rarely met by a single person; this leads to a skills and knowledge gap but also impacts on the ability 

of an Energy or Estates Manager to make informed decisions, across the broad range of work 

domains. Key barriers such as bounded rationality and cognitive bias therefore come into play as 

described in the literature (Schleich and Gruber, 2008; Gupta et al., 2017). Soft skills required to incite 

‘energy awareness’ into hospital clinical staff or to gain buy-in from senior management typically 

conflict with the hard skills held by an Energy Manager that has developed from an engineering 

background. Conversely, an Energy Manager with engineering skills will make better informed 

decisions regarding a hospital’s energy infrastructure; hence, different barriers apply under different 

circumstances. 

 

Hospitals have complex building services infrastructure that is often oversized, this creates a 

significant barrier to the energy performance of these systems. The chapter discusses a range of key 

factors leading to overdesign. System redundancy is a major factor, often increasing the capacity of 

these systems by 200 - 300% to ensure resilience in the event of breakdown. Cautious design practice 

using ‘rule of thumb’ estimates and excessive margins; an issue that is further exacerbated by poor 

stakeholder communications, are other significant factors of concern. Unclear requirements are 

another huge factor leading to overdesign, often a result of poor or insufficient data, and data 

analysis. Government and organisational constraints also influence the overdesign issue, forcing 

long-term, inflexible funding mechanisms through PFI and EPC contract arrangements as ‘one off’ 

finance opportunities that supply large sub-optimal systems. 
 

7.7 Conclusion 

The research workshops with energy managers provided a useful insight into the many barriers to 

effective energy management and confirmed that several barriers revealed by the case study 

research are indeed a wider issue, impacting on many NHS hospital organisations. Barriers identified 

from the workshops and during the case study research are also similar to those found within public 

sector organisations identified and categorised by Schleich and Gruber (2008) and Gupta et al. (2017). 
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The analysis of various data sources gathered during the research of this thesis has made it possible 

to establish many of the barriers associated with building services design, construction and operation 

(see section 7.3). Building service project considerations and impact factors are wide ranging and can 

arise at any time during the products lifecycle. Many project related barriers identified within the 

analysis of section 7.3, also relate to the academic literature. For example, the NHS risk adverse 

culture requires huge redundancy systems and safety requirements as discussed by Chen and Crilly 

(2014) and Djunaedy et al. (2011) that contribute to building services overdesign, as does the 

overspecification of requirements researched by Shabi et al. (2021) when customers or designers 

specify products beyond the actual needs of the customer, as seen in the RSUH and JRH case studies. 

Menezes et al. (2012) discuss the importance of post occupancy evaluation that also links back to the 

RSUH and JRH case studies, highlighting the importance of building energy data analysis (Table 5-1).   

 

Due to the many complexities associated with energy management and building services 

procurement in NHS hospitals coupled with the multiple barriers that contribute to poor efficiency 

and building services overdesign, it is not entirely clear who owns the various barriers and how these 

can be overcome. This appears to be a systemic problem, whereby, no single stakeholder currently 

takes ownership of the important issue of overdesign that inevitably leads to poor energy efficiency. 

This is evident from Figure 7-5 that models the various design stages and demonstrates that whilst 

the stages follow a sequence, it is not guaranteed that all information relating to the design; for 

example, the margins applied or the assumptions made, are shared with other project stakeholders 

in either the downstream, or upstream phases. Whilst the lack of communication across the design 

process is an issue that is not well documented within the literature, Bacon (2014) in his paper 

entitled occupancy analytics, does allude to a communication challenge when attempting to align 

design intent, to user needs.  

 

There are many complex interrelationships associated with energy management and the design 

process in hospitals, with external stakeholders adding to the complexity. A simplified representation 

of the complex relationships illustrated in Figure 7-7 summarises the many organisational barriers to 

energy management and the external influencing factors. This points to the importance of effective 

communication between various stakeholders, but also the importance of clear contractual terms 

between NHS Trusts and external private sector organisations; as witnessed at the RSUH in relation 

to the PFI contract requirements and again with the JRH EPC ambiguities, this is not always the case. 

It is evident from the research contribution of this chapter that it is important to look at opportunities 

to mitigate against the overdesign issue, which is the topic of the following Chapter 8. 
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Chapter 8  
Discussion and Mitigation Strategies for Overdesign   

 
Overdesign has to be seen in the context of the other barriers to energy management and whilst this 

chapter discusses the general barriers to energy management, it specifically focuses on the 

mitigation against overdesign. As discussed in the previous Chapter 7, there are many barriers and 

complex relationships that impact on energy management and the issue of building services 

overdesign. The NHS has dual delivery goals: improvement of clinical performance and improvement 

of energy performance. Clinical performance indicators are absolutely vital. This often makes estates 

functions including energy management, the poor relation in the NHS as medical and clinical 

considerations trump all other considerations. Estates projects are driven by medical need and the 

fear of services failing for patients (e.g., no heating, no cooling, loss of power, leakages). Estate’s 

Directors are often pushed out of the Boards of many NHS Trusts due to large personnel fluctuations 

and short-term interim appointments (CS2-P1 and CS3-P5). 

  

8.1 Lack of consistent leadership in estates in the NHS 

Experienced Estate Directors and senior managers within NHS hospitals are of short supply resulting 

in a significant churn of personnel that tend to move from hospital to hospital, based on individual 

circumstances and salary potential. It is understood that one major reason for the shortage of senior 

personnel in the NHS is due to a lack of pay parity and other benefits when compared to private 

sector organisations93. This situation manifests into a significant issue with regard to estate 

performance, decision making and managerial continuity. As observed from the research case 

studies, many of the decisions made regarding large capital projects and system design and sizing 

rationale have been lost in the mist of time due to the fluctuation of senior personnel. This was very 

evident when trying to obtain information at the RSUH, see section 5.3. After a lot of effort, it became 

very clear that the information requested was no longer available in a retrievable form. A similar 

scenario occurred at the JRH, whereby, the new Director of Estates specifically invited us to site, in 

an attempt, to unpick a lack of understanding and information regarding the cooling system he had 

inherited. Many issues only become clear through interviewing the person, who was Estates Director 

at the time the project was commissioned. This was possible in the context of this research, as the 

author was still working with this person in his new role but would be unlikely to be an option for the 

JRH personnel.   

 
93 BBC News - Is there a gap between public and private sector pay? Available online at: 
https://www.bbc.co.uk/news/55089900 (Accessed on 25/11/2021) 
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An example of the level of movement within NHS senior estates management was observed as a 

result of the case study research. It was noted that two senior members of staff interviewed at the 

NUH had subsequently moved to the RSUH, after a period of just 2 years; having kept in touch with 

these two senior Estate Managers through the authors professional practice, they have both been 

observed to have moved to a further two NHS hospital organisations since the RSUH interviews took 

place. 

 

An added consequence of the high turnover of Estates Department senior management is that 

hospital Estates Directors are often not represented on Trust Boards. They are therefore unable to 

obtain funding for anything other than urgent reactive works and catastrophic equipment failure, 

leaving the opportunity to proactively replace aged inefficient building services infrastructure, a rare 

exception. 

  

The scenarios described, have a significant impact on the knowledge held within NHS organisations 

inevitably impacting on the ability of senior staff to make informed investment decisions; this is 

having a detrimental effect on building energy efficiency and performance. 

 

8.2 NHS procurement and finance impacts 

Capital expenditure (CapEx) within hospitals has been heavily restricted over past decades due to 

limited resources and competition with other public sector organisations. When CapEx is made 

available to hospital organisations, this is very often prioritised for new medical equipment to 

mitigate medical risks, to the detriment of building services infrastructure and energy efficiency 

projects. NHS borrowing is challenging for hospital organisations due to the requirements of in-depth 

business cases that require approvals from various government departments such as NHSI and the 

UK Treasury; any monies sought must also fall within an organisation’s borrowing limit, set by 

Government. As observed from the JRH case study, due to the drawn out, difficult process to secure 

capital finance, NHS hospitals sometimes exploit ‘one-off’ funding opportunities to replace old 

inefficient building services systems via EPC arrangements, up to an allowable Treasury limit of £50M. 

This can lead to the procurement of hugely overdesigned systems, whereby little concern is given to 

the exacting system sizing requirements as the ‘guaranteed savings’ from the EPC scheme which have 

been based on the performance of an old inefficient system and historic data, masks the new, overall 

more efficient, yet overdesigned system.  
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The annualised NHS budgeting system is also problematic when considering the procurement of 

building service systems and energy efficiency initiatives in hospitals. From the professional practice 

perspective of the author, supported by the case study research of this thesis, it is evident that the 

unpredictable and sporadic release of capital funding often coupled with tight deadlines to complete 

procurement transactions, results in poor planning and poor design of building service systems. NHS 

budgets run from April to March annually, however, it is not uncommon for surplus capital funds to 

become available in January, that must then be spent, just two months later, by the end of March. 

This scenario has been witnessed by the author over the past 30 years working within, and consulting 

alongside NHS organisations.  

 

A similar issue is that of grant funding expenditure deadlines. As discussed in some detail in section 

3.4, grant funding schemes such as the NHS Energy Efficiency Fund (EFF) and the Public Sector 

Decarbonisation Fund (PSDS) stipulate very tight turnaround timeframes, both in terms of the 

application process, but also for the procurement, detailed design, installation and commissioning of 

large building service funded projects that have contract values ranging from a £100,000 to £10M; 

all of which are required to be completed within 12-months of grant acceptance. The sense of panic 

and urgency observed within NHS hospital organisations once funding has been agreed has been 

witnessed throughout the period of this research study, thus resulting in the prolific use of design 

margins, site assumptions and design ‘rules of thumb’ estimates, to calculate the capacity needs and 

requirements of systems, both within the project specification that goes out to market, and within 

the detailed design. 

 

8.2.1 Savings hide overdesign  

As the case studies show, new building service systems are replacements for existing systems, which 

are either inadequate or outdated. The JRH cooling system had become unreliable and at the RSUH 

there were concerns that the boiler system was inadequate for the new PFI hospital scheme. NUH 

also later investigated replacing outdated boiler systems, with modern technology. These building 

service systems are seen as the big-ticket item for energy savings. Modern systems are more efficient 

than 30 or 40-year-old systems, and therefore, with the same capacity specification will be more 

efficient. The desire to save energy by comparison to past systems, is an inherent part of the climate 

change agenda, which is defined by reduction, compared to levels of reference years. The JRH was 

very self-congratulatory about all the energy savings. However, it is apparent that hospital demand 

requirements were not scrutinised sufficiently prior to the cooling system installation. As discussed 

in Chapter 6, some data was available and predictions of future use could have be made. The JRH 
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heating system was oversized because the Trust had great plans for the potential alternative use of 

heat from the CHP and associated boilers, within a district heating network, that never fully 

materialised. For the cooling system, this was oversized due to multiple backup systems, should 

particular resources fail. In both cases these are explanations, but don’t justify the degree of 

oversizing that occurred.  

 

While predecessor system capacities provide, on the surface, a useful guide when replacing building 

service systems, it would be better to compare new system installations to hospital ‘thermal 

requirement’ benchmarks rather than an outdated system in order to assess the suitability of the 

proposed system. In practice this might be difficult, unless there is political will to do so, as there is 

very little comparison between hospitals. Each hospital is unique with distinctive thermal 

characteristics and usage patterns; this makes the use of comparative benchmarks challenging.   

 

8.3 Resilience drives overdesign 

The Covid-19 crisis has particularly shown the need for hospitals to be resilient. An inclusive NHS 

definition of resilience presented by Garthwaite (2017) states:  

“In the event of anticipated or surprising critical risks, or of slowly emerging threats, NHS 

systems must ensure the safety of individuals and provide continuity of care. Experienced 

personnel, along with spare or flexible reserves, redundant systems and/or shared 

resources, should be available to enable an appropriate response regardless of the form 

of the threat, or combination of threats…. Hospitals must develop the capability to adapt 

or reorganise systems, and temporarily or permanently transform, in response to 

changed or changing conditions”.  

This definition identifies the potential need for hospital systems to be flexible enabling them to 

respond to changing conditions following a major event. Garthwaite (2017) also points out that 

resilience can be increased if building systems were to be replaced during building refurbishment 

programmes. Whilst this practice is going ahead, it is apparent from the huge overdesign of 

replacement systems, that the application of margins for resilience are excessive.  

 

The management of margins, as a means to handle risk, needs to be seen in the wider context of 

resilience on two related levels. Firstly, the ability of the building to function within specified 

parameters; therefore, resilience is provided by maintaining specific operating conditions. Where the 

system is impacted by some form of previously envisaged disturbance, the system’s resilience is 
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measured by its speed and ability to return to its original state (Dieter, 1989). Such systems may fail 

catastrophically under unforeseen circumstances (Weick et al., 1999). Secondly, the resilience of the 

overall system to maintain its core functions, i.e., to provide adequate medical care. Resilient systems 

may include multiple approaches to service provision, such as generators using different fuels; 

redundancy or spare capacity; and the use of experienced, trained management, empowered to act 

competently in an emergency. 

 

8.3.1 Reliability 

Some of the most significant margins applied within building services design are to ensure reliability. 

It was evident from interviews undertaken at the JRH that building service systems were becoming 

increasing unreliable, presenting a significant risk to the Trust (CS3-P5). The majority of hospital 

building service systems are designed to continue to operate in the event of partial or full system 

failure, this sustained resilience is achieved through the implementation of one of three closely 

related design principles; redundancy, segregation and diversity; these are seen as applications of 

the safe fail principle. Reliability is the key concept here and the latter three principals may be seen 

as means of achieving this (International Atomic Energy Agency, 1986). This is particularly important 

in the case of a hospital, as even the partial failure of a building services system such as heating boiler 

or ventilation plant fault serving an operating theatre or other critical area, could result in serious 

clinical consequences. Whilst the concepts of reliability and safety are intrinsically related, it doesn’t 

necessarily follow that because a system is unreliable, that it is also unsafe. For example, building 

management system controls are often unreliable requiring regular reactive maintenance and 

reprogramming, and yet in the majority of cases they are perfectly safe, as long as the failures are 

relatively minor (CIBSE, 2009). 

 

8.3.2 Segregation 

The concept of segregation works on the basis that total system failure is more likely if its component 

parts are located physically too close to one another (Möller and Hansson, 2008); for example, the 

common proximity of two electric control panels, one serving run and the other serving standby 

heating pumps, if affected by a common flood or fire, could result in the total loss of that system. 

The related concept of diversity provides resilience on the basis that different system types are used 

to provide a common function (Möller and Hansson, 2008), for example the generation of cooling 

water from centralised refrigeration plant may be backed up by localised refrigeration systems to 

prevent loss of cooling capacity, in the event of a common component failure. Whilst both 
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segregation and diversity are used in hospitals, the application of redundancy within hospital building 

services design is by far the most frequently used method to safeguard against risk, as witnessed at 

both the JRH and RSUH case study sites. 

 

8.3.3 Redundancy 

Whilst design for flexibility principles aim at changes to the operation conditions and requirements; 

redundancy principles aim at handling failure in the current system (Chen and Crilly, 2014). The 

concept of redundancy relates to the provision of additional capacity in a system so that system 

performance is maintained despite partial system failure (Chen & Crilly, 2014), thereby an important 

means of achieving reliability. They point out that redundancy definitions fundamentally fall into two 

categories: duplication, where an additional system of the same specification is provided (often 

referred to N+1 or ‘like for like’) and substitution, where a different solution principle is used.   

 

Having additional boilers like in the RSUH system or chillers than is necessary to meet the site 

maximum demand is an example of duplication, examples that in fact provide key discussion points 

and the practical research contribution of this thesis. The application of a redundancy factor within 

building services design to ensure reliability in the event of a full or partial system failure also has a 

significant impact on system sizing. For this reason, the adoption of this principle should be applied 

with care, as the application of excessive redundancy could lead to significantly oversized systems 

and operational inefficiencies (e.g., losses attributed to semi-dormant equipment in ‘standby’ mode). 

Typically, redundancy scenarios utilise building service systems on a like-for-like basis, rather than 

consideration being given to the use of alternative technologies. Section 8.6 discusses the use of 

alternative redundant systems.  

 

The JRH cooling system is a combination of duplication and substitution. The installation not only 

consists of two chillers of one kind (absorption), but it also has multiple types of chillers (electric and 

absorption). 

 

8.3.3.1 System architecture and system boundaries 

Redundancy is usually seen with regard to the functionality of a particular system, where the 

redundant components provide assurance that the system remains operational. Some hospital sites 

have dedicated systems pertaining to each and every building; this approach is known as a 

decentralised arrangement. Under these circumstances, an option for consideration (specifically for 
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larger sites) would be a centralised solution (i.e. an on-site energy centre) providing district heating 

and cooling, as observed at the three case study sites. A centralised arrangement only requires a 

single redundancy solution, as opposed to applying multiple HVAC redundancy solutions 

boilers/chillers/generators, spread across a single site; this also negates the application of additional 

margins across the multiple backup systems.  

 

Hospitals typically operate as independent systems, however, a further advantage of the centralised 

system is its ability to extend system boundaries enabling heat to be exported to district ‘heat 

networks’, and power to be exported to the wider National grid, when electricity generated on-site 

exceeds that which is required locally. The OUH heating system was originally envisioned as a district 

heating network, not only for the remote Churchill Hospital site to which it is already connected, but 

also to the National Orthopaedic Centre (NOC), residential housing and local University buildings, 

which to date, has not come to pass. However, the potential is still there. The system could serve 

these remote buildings, or be connected to other businesses that could both, utilise the excess waste 

heat from the OUH CHP system, when available, and back-feed the network from their own heat 

generation systems, to provide additional redundancy. Hence, extending the boundaries of hospital 

heating networks is an important strategy to reduce overdesign, wastage and the size of redundant 

systems. Conversely external systems could also provide back-up systems for the hospital system. 

 

8.3.4 Cautious design practice and healthcare resilience factors 

Margins are often added to building services design to assure resilience of the overall system. This is 

resilience both in the short-term, for example, against heat waves or as it has proved necessary, now 

increased cooling requirements due to a pandemic. However, hospitals also want to be resilient 

against long-term events, like an aging population, i.e., more admissions, or a larger population. 

Long-term resilience could also be provided by putting the ‘pipework’ in place for later additions to 

the system. To think through long-term resilience, hospital managers need to consider the long-term 

trends in healthcare. Currently, there are implicit assumptions that demand will go up, but as medical 

devices get smaller and telemedicine gets more widely used there might well be a lot fewer, but 

sicker patients in hospitals. However, the way the commissioning processes work, see section 3.2, 

the building service designers are far removed from the discussion on the future of healthcare, and 

specify a system with all the margins to the requirements they are given. It is therefore absolutely 

necessary that Trusts help the process of defining these characteristics, hence, energy and building 

services planning should be a part of the wider hospital and healthcare planning process.  
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8.4 Better requirements management 

The case studies revealed that many Trusts do not have a clear understanding of their current and 

future requirements and the risks that they are subject to. How this impacts on the design process is 

discussed in the following sections. 

 

8.4.1 The client specification 

The client specification is the starting point of any building services design project. This specification 

dictates the requirements of the project that includes a list of deliverables: 

 

• a technical specification,  

• the use of preferred suppliers,  

• delivery timelines,  

• general terms and conditions of the project. 

 

This document is then issued to an M&E design consultancy upon which a detailed engineering design 

is developed. As the JRH example shows, supported by previous research (CIBSE, 1998; Yu and Chan, 

2010; Bacon, 2014) the client specification (sometimes referred to as the client brief) is often based 

on poor or incomplete data and client assumptions relating to building occupancy numbers, building 

use, future needs etc. Even at this early stage of project development, the client or client 

representative will 'err on the side of caution' and include some contingency margins that are hidden 

within the requirements specification. For this reason, there is an absolute necessity for this 

document to be clear and unambiguous, it should provide concise details as to the size of margins 

added, as well as the rationales for their inclusion. Any assumptions relating to occupancy levels, 

future use etc. should be clearly stated, as should any redundancy principles applied. Better sized 

and therefore more energy efficient projects might be achieved if the NHS were to fund feasibility 

studies, targeted at requirements analysis, prior to developing bids for larger NHS funding schemes. 

 

8.4.2 Data collection and analysis of future requirements 

The provision of a concise and unambiguous client specification requires good data and information. 

The case study research clearly shows that poor data collection and analysis impacts considerably on 

overdesign. The measurement and monitoring of medical equipment and buildings through sub-

metering technologies and logging equipment as accurately as possible, is therefore a necessity. The 
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capture of regional weather degree day data in order to normalise energy consumption trends is also 

an important factor, particularly when trying to understand the impact of extreme weather events 

such as heatwaves or cold spells on energy demand requirements. Alterations in weather patterns 

due to climate change also need to be studied using future climate data and energy regression 

analysis.  

 

The development of future use scenarios is important. As discussed in section 8.3.4 the consideration 

of future healthcare trends such as the use of medical devices, telemedicine and hybrid services will 

all shape the requirements of future hospital building services. Close collaboration between clinicians 

and designers will inform future design taking into account emerging medical practices and clinical 

pathways ensuring engineering services selected are fit for purpose, over the life-cycle of system. 

The use of a digital twin to improve hospital estate function is currently being investigated by NHSI 

(CS3-P8) and may also provide benefits from a building energy infrastructure perspective. These 

future scenarios are likely to be applicable to multiple Trusts, who would benefit from the 

information being made available by the NHS.  

 

8.4.3 The detailed design stage 

Building service consultants at the detailed design stage will, as a matter of 'custom and practice', 

apply precautionary margins to offset any potential liability or financial penalties that may be 

imposed on them as a result of not meeting the necessary requirements. Whilst an engineering 

consultancy is unlikely to be penalised because it has oversized a building services system; a design 

that is undersized and unable to meet, for example, the thermal requirements of a building, poses a 

far greater risk to the M&E consultancy in terms of potential litigation. Hence, from both a risk and 

financial perspective (the larger the project, the larger the fees) there is a strong vested interest for 

designers to ensure that client capacity requirements are not only met but exceeded.  

 

Cautionary margins applied by design consultants include those that mitigate risk impacts such as 

plant breakdown (redundancy margins), extreme weather conditions, wear and tear on equipment, 

uncertainties in calculation software, poor data use and client assumptions. Various design options 

are available to building service consultants that safeguard against risk, but at the same time help to 

avoid the oversizing problem. 
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8.4.4  Installation margins - (installers uplift - next size up) 

Once finalised, the detailed design specification is passed to the main construction contractor for 

installation. Whilst the design specification will dictate the system capacity, very often it will not 

provide any specific detail as to how this should be achieved, leaving the choice and selection of plant 

to the installing contractor, as discussed in Chapter 6. The 'scope of choice' within building service 

systems to meet a given requirement is vast, and the option selected will have a marked impact on 

the 'installer' margins applied. As building services plant is only manufactured in specific capacity 

ranges, there is often a ‘trade-of‘ between efficiency and risk, hence it is standard practice to select 

the 'next size up' component to ensure peak capacity requirements are met, rather than taking the 

risk to downsize for the benefit of efficiency. Clearly from an oversizing and efficiency perspective it 

is imperative that plant capacity 'up-lift' be avoided. This should be facilitated through greater 

transparency and better communications between stakeholder groups, allowing installers to make 

informed decisions about equipment sizing. 

 

8.5 Transparency in the decision-making processes 

The issue of oversizing and the impact this has on energy performance, points to a strong need to 

manage, track and communicate the application of margins across the entire project development 

cycle. The design process for the implementation of building service systems follows certain rules 

and heuristic decision-making practices. Adopting processes that in the first instance captures the 

scope of margins applied and the rationale for their inclusion; and secondly, communicates this 

knowledge in a transparent and unambiguous format, will allow stakeholders to manage, sign up on, 

or if necessary question the margins, enabling them to make informed decisions over equipment 

sizing and system configuration. 

8.5.1 Traceability of margins 

There is a general lack of systemic thinking within the design process across multiple project 

stakeholders and a lack of traceability and accountability associated with the capture and recording 

of requirements and decision choices. It is important to stress, however, that this issue is not specific 

to building design but specific to any complex (and fragmented) design activity. The recording of 

margins throughout the design process is likely to reduce the accumulation of hidden margins. The 

development of a margin register that captures all margins and assumptions, will therefore be of 

benefit. A practical check of requirements that compares the intended design specification with post 

commissioning feedback, will also prove useful. 
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To aid the capture of margins, a web-based tool could be utilised. This could be developed to enable 

the setting and tracking of individual margins and may also capture the rationale for key decisions, 

regarding margin application. The tool should be set up to support multiple layer and professional 

stakeholders. It would require simple and intuitive interfaces and visualisations for the tracking of 

individual margins and provide an overview of the total margins. The idea of margin profiles, see 

Figure 6-3, could provide a visual impression of margin development, which could alert the users to 

critically small or uneconomically large margins. The tool could also provide a dashboard style 

overview of margins for an existing system, to inform the decision-making process for changes or 

new investments. 

8.5.2 Influence and resultant facts of margins with mitigation initiatives 

As discussed in Chapter 6, margins are applied for a variety of reasons by multiple stakeholders across 

various stages of the design process. Figure 8-1 is a replica of Figure 6-6 previously presented in 

Chapter 6, but with the addition of a mitigation initiatives column. The figure provides an overview 

of margins typically applied during the specification, design and installation phases of a hospital 

building services project, together with a model of technical, psychological and organisational 

influence and mitigating initiatives. Mitigation factors outlined within the table are considered and 

discussed further in this Chapter 8. 

 

Figure 8-1. Accumulation of design margins and influences, leading to over-sized plant 

	

The	Issues	
Margin	

Categories	
Applied	

	
Influencing	and	Resultant	Factors	

	
Mitigating	
Initiatives	

Technical	 Psychological	 Organisational	
	

Over	
Specification	

• Safety	and	risk	margins	
• Initial	design	and	data	
assumption	contingency	

• Redundancy	and	
resilience	margins	

• Future	proofing	–	
margins	that	allow	for	
change	management	

• Fear	of	failure	
• Ensure	required	
performance	is	met	

• To	ensure	resilience	
• Additional	safety	factors		

• ‘Rule	of	thumb’	estimates	
• Uncertainty	over	
occupancy	

• Cognitive	bias	–	custom	&	
practise	

• Bounded	rationality	–	
limited	data	upon	which	to	
make	decisions	

• Personal	requirements	–	
overzealous	clinicians		

• Future	demand	and	
organisational	strategy	

• Local	policy	requirements	
• Time	constraints		
• Risk	strategy		
• Fear	of	Litigation	
• Organisational	governance	
• Increased	capital	costs	

• Improved	data	collection	
• Clear	strategic	vision	
• Collaborative	working	and	
knowledge	share	amongst	
project	stakeholders	

• Peer	review	by	
experienced	consultant	

• Value	management	
• Risk	assessment	

	
Engineering	
Over	Design	

• Safety	and	risk	margins	
• Engineering	margins	
• Performance	variation	
margins	

• Margins	to	offset	
equipment	wear	and	tear	

• Redundancy	and	
resilience	margins	

• Fear	of	failure	
• Allow	for	change	
• Safety	allowances	
• Building	regulations	
• Additional	resilience	
• Uncertainties	in	
building/plant	
performance	

• Design	engineers	–	
knowledge	and	experience	

• Uncertainties	within	initial	
specification	

• Uncertainties	within	
calculation	methods	

• Design	engineer	attitude	
and	motives	

• Considerations	in	respect	
to	part	load	analysis	

• Over	cautious	designer	

• Safety	requirements	
• Redundancy	requirements	
• Health	Technical	
Memorandum	

• BREEAM	requirements	

• Value	Engineering	
• Calculation	checks	
• QA	procedures	
• Peer	review	by	
experienced	design	
engineer	

• Specification/final	design	
comparison	–	
requirements	analysis	

• Design	management	
systems	

	
Over	Installation	 • Safety	and	risk	margins	

• Installer	margins	–	'next	
size	up’	

• Engineering	margins	
• Performance	margins	for	
commissioning	flexibility	

• Equipment	upsizing	
• Over	complicated	controls	
• Increased	complexity	
• Availability	of	materials	
and	equipment	

• Physical	installation	
limitations	
	

• Installer	skills,	aptitude	
experience	and	expertise	

• Installer	custom	&	practise		
• Time	constraints	for	
installation	–	short	cuts	

• Behavioural	constraints	–	
quality	compromised	by	
convenience	

• Selection	of	installation	
contractor	

• Installation	specification	
and	project	brief	

• Additional	post	design	
changes	–	client	variations	

	
• Quality	control	
• Training	and	education	
• Site	supervision	and	
productivity	incentives	

• Effective	time	management	
• Effective	project	
management	

	
Over	Sized	&	
Over	Complex	

Plant		
	
	
	

Poor	Energy	
Performance	

• Multiplier	effect	–	total	
cumulative	design	
margin	

• Inefficient	part-load	
operation	

• Sub-optimum	plant	
operation	

• Increased	maintenance	
requirements	

• Time	constraints	with	
regard	to	commissioning	

• Difficult	to	repair	and	
maintain	due	to	technical	
complexity	
	

• Reluctance	to	acquire	
knowledge	of	new	and	
complex	technologies	
resulting	in	lack	of	
understanding	and	
demotivation	

• Reduced	access	and	
maintainability	due	to	
space	restrictions	–	
maintenance	frustrations	

• Reliance	on	specialist	
external	contractors	–	
additional	management	
requirements	

• Increased	energy	
consumption	

• Increased	maintenance	
and	replacement	cost	

• Inability	to	meet	carbon	
reduction	targets	

• Building	users	may	not	be	
building	owners	–	
user/investor	dilemma	

• Re-commissioning	–	post	
occupancy	evaluation	

• Optimised	control	
• Improved	monitoring	and	
targeting	

• Site	energy	audits	
• Spend	to	save	initiatives	
• Post	project	review	–	
lessons	learnt	database	

• Feedback	
• Retrospective	technologies	
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A simplified, framework illustration of the margins typically applied during the specification, design 

and installation phases of a building services project, together with a brief rationale for their inclusion 

and relevant mitigation factors is illustrated in Figure 8-2. 

 

Figure 8-2. Design margins and influences leading to oversized plant with mitigating factors 
 

8.5.3 Active margin management 

The effects of all ‘causes’ of the overdesign could be mitigated by a ‘systems architect’ overseeing 

and coordinating the fragmented process and having the required holistic understanding of the 

system, the building, all stakeholders, and the process. Given this all-encompassing vision of the 

project it may be possible to adopt a ‘single margin’ that covers all project risks and uncertainties 

under the strict control and management of the architect, who provides a central focus on what is 

otherwise an incoherent process of margin application. This would also allow a holistic management 

of the margins throughout the process if the project specification or requirements change.  

 

The adoption of a process whereby an agreed level of ‘overall’ margin to provide sufficient resilience, 

overseen by a project architect and aided by a margins ‘tracker’ tool (as described in section 8.5.1), 

may provide a better outcome and reduce the prevalence of oversizing. Periodic sensitivity analysis 

is another option; this method could be used to determine the impact of a particular margin or 

	 Over	
Specification	

Engineering	
Over-design	

Over	
Installation	

Over	sized/over	
complex	systems	

Applied	Margin	
Categories	

	

• Uncertainties	
• Risk	
• Safety	
• Engineering	Margins	
• Redundancy	(N+1)	
• Resilience	
• Future	proofing	
• Installer	Margins	
• Performance	Margins	

Cumulative	
Margins	

Poor	Energy	
Performance	

			Technical	Influences	
• Fear	of	failure	
• Safety	factors	
• Building	Regulations		

	Psychological	Influences	
• Cognitive	Bias	
• Skills	&	Experience	
• Time	Constraints		

	Organisational	Influences	
• Future	Strategy	
• Risk	Strategy	
• Fear	of	Litigation	

								Mitigation	Strategies	
• Improved	Data	Collection	
• Collaborative	Working	
• Training	and	Education	
• Value	Management	
• QA	Checks	
• Building	Optimisation	
• Alternative	Technologies	
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change within the design process, on final system capabilities leading to progressive enhancements 

of the system. 

 
A value management exercise could provide a useful tool to explore a project’s objectives and 

aspirations from the client’s perspective. This will enable the creation of a clear project brief, 

providing a precise basis for making decisions throughout the project and mitigating the risk of 

overdesign. This will also help manage the balance between different stakeholder needs and 

expectations, particularly important within a hospital environment. The application of regular Quality 

Assurance (QA) checks will also ensure that the final design does not exceed the client’s 

requitements. 

 

8.6 Modular design 

Modular design involves the specification of many smaller units that collectively meet peak 

requirements whilst providing greater flexibility and performance during periods of reduced load. 

Other benefits associated with this type of arrangement is that 'stand-by' energy losses pertaining to 

redundancy units are inevitably reduced. Future increases in demand can also be easily and cost 

effectively addressed by simply adding further modules to the system. A variation to the 'one size' 

modular formation is a mixed capacity approach that utilises different size units to create agility in 

operational performance. This configuration allows one or more individual units to be automatically 

selected to best match the specific load requirements of the building (CS2-P11).  

 

An example of a ‘mixed capacity’ boiler arrangement follows: boiler ‘A’ may provide an output of 

200kW, boiler ‘B’ an output 400kW and boiler ‘C’ an output of 600kW. This design method will more 

likely enable the boiler operation to be matched to the building requirements across various seasons. 

The various sized burners are able to modulate with their optimal performance range (turn-down 

ratio), which prevents the boilers from cycling on and off, improving energy efficiency and increasing 

the boiler lifespan. This design method, however, is rarely used in practice due to the added 

complexities of the design and installation (CS2-P11). 

 

The application of the above strategies can be applied across a large range of heating and cooling 

building service systems and may have been a better design option for the systems at RSUH and JRH.  

 

Alternative systems may also be considered to provide system resilience rather than using traditional 

like-for-like redundancy. One of the reasons for the overdesign of the JRH chillers was the desire to 
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have a backup system that used multiple solution principle but would suffice alone to meet the needs 

of the site. The JRH is also keeping its old steam boiler constantly powered up to provide stand by 

heat, resulting in costs of £156k per annum (see section 6.5.1). Table 8-1 provides examples of 

alternative solutions against the standard 'doubling up' redundancy practice that often results in 

oversizing and unnecessary standing losses; these examples have been taken from a mix of published 

literature (Oughton and Wilson, 2015) and the author's experience of building service systems. 

 

Table 8-1. Alternative redundancy options 
 

Standard HVAC 

Redundancy Solution 

             Alternative System(s) to Provide Redundancy 

 

Centralised boiler 

arrangement providing 

'N+1' resilience. 

– Localised electric heating equipment to provide heat to critical areas. 

– Solar hot water, ground/air source heat pumps, biomass boilers to 

supplement heating load whilst providing redundancy solution. 

Centralised cooling 

plant providing 'N+1' 

resilience. 

– Localised DX plant (split-systems, 'through the wall' units) used as 

backup air conditioning in critical areas. Implementing a system which 

uses 'free cooling' alongside a cooling storage solution. 

Backup Electrical 

Generators. 

– Gas-fed CHP systems used to supplement general electrical 

requirements but switched to feed critical areas in emergencies. 

– Solar photovoltaics and small-scale wind turbines with battery 

storage to supplement load whilst providing redundancy solution. 

 
 

The decision of which backup approach to adopt needs to be carefully thought through considering 

all design and cost options including like-for-like N+1 redundancy, modular N+1 redundancy or 

alternative systems redundancy, such as those presented in Table 8-1. Planning the infrastructure for 

a larger system, but not installing all units is another strategy to consider. 

 

8.7 Communication between project stakeholders 

The lack of communication and transparency across project stakeholder groups and work phases 

during a building design project is a significant factor leading to overdesign. As the project progresses 

between work stages, the scope of margins applied, and assumptions made are not necessarily 

transferred, very often to protect intellectual property rights between the various companies and 

contractors involved in the project. The mitigation of risks, and the financial benefits to M&E design 

consultancies and installing contractors resulting from the development of larger, overdesigned 

systems, are other possible factors as to why the issue of oversizing within the building services 
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industry, is not being addressed. The potential lack of communication can create misunderstanding; 

for example, different stakeholder groups may try to achieve different or inconsistent goals, and 

where instructions and role definitions are not clear, or are inconsistent, conflicts could arise 

impacting on project progress.  

 

Further challenges can also arise when a client has multiple internal stakeholders. For example, 

within a large complex organisation such as a hospital, where a clinician arguing the need for energy 

intensive air conditioning and mechanical ventilation systems for their newly built treatment centre, 

may be at conflict with the Energy Manager who only aspires to meet minimum environmental 

standards, thereby having a positive impact on building energy performance. 

 

For the reasons given, communications between the various stakeholders can be challenging, hence, 

the use of processes and procedures to capture and convey data and information together with 

regular project meetings that are inclusive and consider all stakeholder viewpoints are important 

steps. Better communication of the design margins applied and their reasoning early in the design 

process, particularly to non-technical strategic decision-makers, is also required to manage the 

overall effects and prevent overdesign. 

 

8.7.1 Improve training and education of personnel 

There are multiple pathways into energy management which leave people with different skills sets. 

Knowledge, information and training are very important in achieving energy efficiency. 

Unfortunately, the literature describes many cases of poor education and a heavy prevalence of 

inexperience or untrained personnel within the energy efficiency sector (Gupta et al., 2017). Energy 

and energy efficiency is currently a popular topic of research however, it is evident from the literature 

findings and observations during professional energy management practice that there is a lack of 

structured education in this area.  

 

The market is awash with new building service-related products claiming to saving energy. 

Information relating to these new products is often not supported by any clear performance data, 

leading to confusion and doubt. Energy Managers dealing with these products are often given false 

or misleading information regarding equipment performance (Gupta et al., 2017). Building service 

contractors and design consultants are also not trained adequately for the myriad of technologies 

available. Proper structured training programmes therefore need to be developed in conjunction 

with technology providers. 
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From a general energy management perspective, knowledge and education gaps include that of 

energy policy, the evaluation of energy efficiency measures and proper cost benefit analysis of 

energy initiatives. Whilst energy management related training courses have become available over 

recent years, such as those provided online by the Energy Managers Association (EMA)94 there is still 

a need for more practical based training, within this area.    

   

The lack of education and training extends to the building services sector, particularly when 

considering the issue of overdesign and the application of design margins. The research has revealed 

that the issue is predominantly ‘hidden’ or at the very least ‘ignored’ within the industry, and 

certainly the issue of overdesign has not been widely connected to poor energy performance. The 

author presents a number of building service courses on behalf of CIBSE to professionals within the 

industry (see section 4.3.1) and had the opportunity to raise the point of overdesign and margins. 

Interestingly, whilst this does not come as a complete surprise to many course delegates, the cost 

and energy consequences of this practice, prior to the course discussion, had not been considered 

by many. The discussion of design margins, overdesign and impact on energy performance, 

therefore, needs to opened up and discussed widely across building service professionals and wider 

project stakeholders. Awareness of the topic should also be incorporated into the materials of 

courses covering design and energy management. 

 

8.8 ‘In use’ system optimisation 

Optimisation can be defined as: ‘an act, process, or methodology of making something (such as a 

design, system, or decision) as fully perfect, functional, or effective as possible’95. Optimising ‘in-use’ 

building service systems extends the life of system components and increases performance and 

functionality. This can be done by various means depending on the equipment and plant to be 

optimised.  Retrofitting inefficient burners, with burners that have an efficient high ‘turn-down’ ratio, 

is a mitigation measure that can be undertaken to improve the energy performance of an 

overcapacity boiler system. Again, whilst this is not as effective as installing appropriately sized 

boilers matched to the building demand, this measure will go some way to increase the overall 

energy performance of the boiler system. 

 

 
94 The Energy Managers Association. Available online at: https://www.theema.org.uk/ 
(Accessed on 25/11/2021) 
95 Definition of optimisation – Merriam Webster dictionary. Available online at: https://www.merriam-
webster.com/dictionary/optimization (Accessed on 26/11/2021) 
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In the case where system components are oversized, it is sometimes possible to reduce the negative 

impacts of overdesign through better modulation and control (Jones and Eckert, 2016). This 

approach can be taken across a variety of building services components such as circulation pumps, 

ventilation fans and chillers by utilising a variable speed drive (VSD) to modulate down the output 

capacity of equipment. Whilst this is not as effective as installing ‘right sized’ components from the 

outset, it will, nonetheless significantly improve the energy performance of equipment and hence 

reduce running costs. A ventilation study undertaken by the author was used to validate the ‘in use’ 

system optimisation approach. 

 

8.8.1 Evaluation of ventilation system optimisation 

The purpose of the study was to verify the overdesign problem by carrying out a review of the 

capacity of an installed ventilation system and comparing this to the requirements, and 

subsequently, to ascertain the optimisation potential of the system, if oversized. The study was 

undertaken at the Northwich Park Hospital as described in section 4.8.  

 

Ventilation in hospitals is provided by air handling units (AHU’s), in essence metal ductwork that 

incorporates a fan, driven by a motor to provide air movement, filtration, heating and cooling 

elements that are connected in series allowing the movement of conditioned air providing ventilation 

to specific areas within the hospital. The actual ventilation fan unit used for this exercise is shown 

Figure 8-3. 

 

 
 

Figure 8-3. Photograph of AHU fan used for the evaluation of oversizing at Northwick Park Hospital 
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This oversizing and optimisation study of a hospital mechanical ventilation system presents a 

scenario that is very prevalent in new hospital buildings and other large commercial buildings, such 

as offices (Djunaedy et al., 2011). The fan power consumed by hospital ventilation systems account 

for up to 12% of the total hospital electricity usage (Carbon Trust, 2010). Hospital design parameters 

require ventilation systems to be sized to meet a minimum air change rate (ACR) for general areas of 

6 air changes per hour for bacterial contaminant dilution (Department of Health, 2013). 

  

Each fan has an inherent capacity range that is dependent on system pressure. As exact system 

pressures are difficult to deduce at the design stage, fan unit selections are typically oversized to 

ensure required air-flow rates can be met. This study refers to the ventilation system serving the 

hospitals outpatient's department. Based on measured air-flow rates of the system, it was 

ascertained that 10.6 air changes per hour (ACH) was supplied, exceeding the 6 ACH required by the 

Department of Health, engineering Heath Technical Memorandum (HTM 03-01). Due to the non-

linear relationship between the fan speed and power consumed by the system (the cube law), it was 

possible to establish through the use of engineering calculations that had the system been 

appropriately sized and commissioned, air-flow rates would have been delivered at 6 ACH, not 10.6 

ACH, a corresponding power consumption reduction of 82%, saving in the region of £22k per year in 

energy costs. This example clearly demonstrates the financial impact of the oversizing issue.  

 

The engineering calculations undertaken to establish the cost of oversizing required key information 

from the ventilation system itself and the outpatients department served. The information was 

captured during the author’s professional practice and included information such as the existing 

ventilation air flow rate, the existing power consumed by the system, the rotational speed of the fan, 

and the dimensions of the ventilated space. 

 
The total floor area supplied by ventilation plant is 2,420m², the average floor to ceiling height within 

this space is 2.3m; the total volume of this space is therefore 5,566m3. 

 

Based on a measured ventilation air-flow rate of 16.4m3/s which was established using a calibrated 

vane anemometer, the current air change rate is calculated as follows: 

 

Air	flow	rate	(per	hour) =
16.4m!

s 	x		3,600 =
59,040m!

h  

 

∴ Current
ACR
h = 	

Total	Air	Volume	(per	hour)
Total	Conditioned	Volume 	 
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∴ Current
ACR
h = 	

59,040m!

h
5,566m! 		= 10.6 

 
 
As seen from the above simple calculation, HTM 03-01 ventilation requirements have been exceeded 

within the outpatients department resulting in excessive ventilation volumes and associated fan 

power costs. Ideally, the ventilation plant should be sized to provide an optimum air change rate of 

6 ACH. 

 

Through reverse calculation, a space volume of 5,566m3 will require an air-flow rate of 33,418m3/h 

(9.3m3/s) to provide six air change rates per hour. Therefore, because fan speed is proportional to 

air volume:  

 
Q"
Q#

=	
N"
N#

 

Where: 
 

– Original Air Flow Rate (Q1) = 16.4m3/s (measured using a vane anemometer) 

– New Air Flow Rate (Q2) = 9.3m3/s 

– Original Rotational Speed of the Fan (N1) = 1,320 rpm (obtained from fan and pulley ratios 

and the synchronous speed of the installed motor) 

 
The new rotational speed of the Fan (N2) required to provide a reduced air-flow rate of 9.3m3/s, can 

be calculated using: 

N" =	N#	x	
Q"
Q#

 

 

N" = 	1,320rpm	x	
9.3m3
s

16.4m3
s

 

 
	∴ 	N" = 	749	rpm 

 
 
The consequential reduced power can be calculated using: 
 
 

W#

W"
= J

N"
N#
K
!

 

 
Where: 
 

– Original Absorbed Fan Power (W1) = 30.9kW (measured using a calibrated power clamp) 
– Original Rotational Speed of the Fan (N1) = 1,320 rpm 
– New Rotational Speed of the Fan (N2) = 749 rpm 
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Therefore, 

W" = W# J
N"
N#
K
!

 

 

W" = 30.9kWJ
749	rpm
1,320	rpmK

!

 

 
𝐖𝟐 = 𝟓. 𝟔𝐤𝐖 

 

As seen from the power calculations, reducing air-flow rates from 10.6 to 6.0 air change rates per 

hour will reduce fan absorbed power from 30.9kW to 5.6kW; an 82% reduction, which over the 

course of a year would result in energy and cost savings of 221,628kWh and £22,162 respectively; 

this is based on a typical electricity cost of 10p/kWh. An associated Carbon emissions reduction of 78 

tonnes CO2e, for this single system would be realised per annum. (Calculated using the DEFRA 2017 

carbon factor for grid electricity of 0.35156 kg CO2e). 

 

Unlike other building service systems such as heating and cooling equipment, it is possible to improve 

the energy performance of oversized ventilation systems by simply reducing the fan speed; either by 

undertaking a belt and pulley change or utilising a variable speed drive (VSD) to modulate the fan 

down to a desired speed. It is highly unlikely that the oversized fan, controlled or modified under 

these circumstances, will operate at its optimum efficiency point; hence an ideally sized ventilation 

system matched to meet the exacting requirements of the area served, will provide best all-round 

performance and efficiency. 

 

Given that this is an actual example of a single ventilation system, and that a typical acute hospital 

within the UK is likely to have in the order of 50 of these units, it is quite feasible that ventilation 

system oversizing is costing the NHS millions of pounds each year, in addition to emitting tens of 

thousands of tonnes of unwanted CO2e emissions. 
 

 

8.9 Summary of mitigation measures 

Following on from the preceding sections, the following Table 8-2 provides a summary of the 

remedial measures that could be undertaken to prevent building services overdesign. These are 

broken into four key topic areas; information, design, processes and people. The mitigation measures 

are a combination of technical and non-technical aspects that require many different approaches to 

action. The left column of the table lists the issues identified and the right column provides the 
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various mitigation measures that have been predominately derived from the analysis of the hospital 

case studies and research workshops. 

 

Table 8-2. Summary of the mitigation measures against overdesign 
 

Issues Identified Mitigation Measures 
Information 

Margins are not captured across the project 
specification, design and installation phases.  

Improve communication between project 
stakeholders (section 8.7) and use a margin capture 
tool (section 8.5.1). 

Rationale for margins and design decisions are 
not currently captured. 

Capture the rationale for margins through the use 
of a software tool (section 8.5.1) and better design 
decisions through improved transparency. 

Poor data collection and analysis of site energy 
consumption. 

Improve energy metering/sub-metering and take 
regular meter readings. Analyse energy data to 
identify trends in consumption to enable better 
selection and capacity of equipment (section 5.2.7). 

Margins added by suppliers are not well 
understood. Disclosing the scope of margins 
added is not a requirement of the procurement 
process, nor a requirement of contract award. 

Facilitate better communications and relationship 
management with suppliers. Improve contract 
management (section 5.3.6) and procurement 
strategies (section 8.2) shifting the responsibility of 
rightsizing onto the supplier. 

Part-load capability of the equipment is not 
widely understood. Few estates managers are 
aware of the efficiencies of their own or 
proposed equipment, either at full, or part 
load. 

Facilitate energy management and building services 
training that improves specification writing and 
provides a better understanding of the part load 
characteristics of equipment (section 8.7.1). 

The energy requirements of medical 
equipment and buildings is often unknown. 

Improved sub-metering and data analysis 
techniques such as regression analysis for energy 
forecasting and requirements capture (section 8.4). 

Metering systems, logging equipment and 
energy flow profiling is currently inadequate. 

Improve metering and data capture (section 8.4.2) 
together with BMS upgrades, expanding logging 
and sensor inputs and control capability (section 
7.2).     

Performance targets are currently based on 
historic baseline energy use rather than on 
improved plant efficiencies. 

Review the terms in which performance guarantees 
are written into energy performance contracts 
(EPCs) (section 7.7) moving away from baseline 
reporting towards performance related 
improvements (section 5.4.2.6). 

Design 
The option of a modular system architecture is 
often not considered.  

Review design principles and the client 
specification and move towards multiple small 
units rather than fewer large units to meet load 
requirements (section 8.6).   

Plant and equipment is often replaced on a 
like-for-like basis.  

Look at alternative design strategies and 
redundancy options to mitigate risk in the event of 
plant breakdown (section 8.6). 

Margins added during the various project 
phases have a cumulative impact. 

Use a margin capture tool to provide better 
transparency of margins applied across stakeholder 
and design groups (section 8.5.1) and improve 
communications between stakeholders (section 
7.4).  
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Redundancy at system architecture level is 
currently not challenged.  

Look at alternative redundancy options such as 
modular architecture (section 8.6), diversity and 
segregation (sections 8.3.1 and 8.3.2). 

Hospitals rarely consider back-up and 
redundancy from outside of the main hospital 
systems. 

Consider district heating/cooling networks that 
prove additional capacity and supply in the case of 
plant breakdown (sections 5.4.2.1 and 8.3.3.1). 

Hospital systems are often not designed for 
optimal performance as they are oversized. 
The in-use energy performance of many 
hospital systems is inadequate. 

Prevent cumulative margins during design (section 
6.6.2). Undertake energy audits and adjust controls 
to facilitate optimal system performance (sections 
2.2.1 and 8.8.1). 

An options approach that facilitates design for 
flexibility is seldom adopted. 

Plan for flexibility. Design the infrastructure for a 
larger system, but don’t install all units until 
required (section 6.3.8). 

Processes 
A full risk analysis is rarely undertaken.  Undertake risk analysis to establish all financial, 

technical, information and organisational risks 
associated with the project (section 2.6.1). 

Failure mode analysis is currently not 
undertaken on a range of design options. 

Adopt a systematic approach to evaluate a design 
against requirements to determine how it might fail 
to provide adequate capacity under different load 
conditions, and to assess the relative impact of 
different design options (section 2.6.2). 

An ‘overall’ margin to provide sufficient 
resilience for the system is not currently 
considered. 

Develop a client brief/specification that sets a 
maximum plant capacity limit or a fixed overall 
margin percentage to prevent oversizing (section 
6.3.2).  

Periodic sensitivity analysis to establish the 
impact of different margins within the design 
process, is currently not considered. 

Carry out a periodic sensitivity analysis to 
determine the impact of a particular margin or 
change within the design process, on final system 
capabilities and capacity leading to progressive 
enhancements of the system (section 8.5.3). 

People 
A dedicated systems architect is seldom 
employed to oversee the entire life-cycle 
(specification, design and installation) of a 
building services project. 

Use a ‘systems architect’ to oversee and coordinate 
the fragmented process having the required holistic 
understanding of the system, the building, all 
stakeholders, and the process to help prevent the 
occurrence of oversizing (Section 8.5.3). 

A lack of communication between project 
stakeholders can lead to overdesign. 

Use processes and procedures to capture and 
convey data and information. Hold regular, 
inclusive project meetings that consider all 
stakeholder viewpoints. Communicate the scope of 
applied margins and the rationale for their 
inclusion early in the design process (section 8.7). 

The provision of training for hospital staff, 
engineers and non-technical managers is 
currently insufficient. 

Facilitate better awareness of general energy 
management principles and building services 
overdesign through structured learning and 
professional training courses (section 8.7.1). 

A high turnover of staff and senior 
management within NHS estates creates a 
significant knowledge gap. 

Provide incentives such as pay parity, training, 
personal development and promotion to prevent 
management and staff moving frequently between 
Trusts (section 8.1). 
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8.10 Conclusion 

There are a variety of mitigation measures that could be adopted to reduce the prevalence of 

overdesign in building services. The development of appropriate methods to quantitatively assess 

acceptable levels of overdesign necessary for resilience. Together with the creation of a web-based 

margins tracker tool to avoid overdesign resulting from cumulative margins and other contributing 

factors, both within, and outside the design process are potential mitigation factors to consider, and 

important areas of further work. Looking at the way designers provide system redundancy and 

integration into district heat networks are also important factors to consider. People factors clearly 

play an important role in the overdesign problem. Providing better education and spreading the 

message about overdesign and the associated impacts this has on project capital costs and energy 

performance will no doubt have a marked impact on the situation, going forward. 
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Chapter 9  
Conclusions, Evaluation and Further Works 

  

This chapter concludes the thesis by revisiting the research questions and summarising the research 

contributions. Then the process of evaluation is described and the limitations are discussed. At the 

end, opportunities for future works are highlighted. 

 

9.1 Response to questions 

Chapter 1 of the thesis points to four primary research questions (see section 1.5). The following 

sections summarises the response to the research questions offered in this thesis. 

RQ1: What are the barriers to energy efficiency in hospitals? 

The thesis highlights many barriers to effective energy management in hospitals. As seen from the 

detailed case studies at the NHU and the RSUH, many of the barriers that exist were common across 

both hospital Trusts (see sections 5.2.9 and 5.3.7); particularly in regard to capital and financial 

constraints (see sections 5.2.6.1 and 5.3.4.1), organisational constraints (see sections 5.2.6.2 and 

5.3.4.2), bounded rationalities (see sections 5.2.6.3 and 5.3.4.3) and uncertainty and risk (see 

sections 5.2.6.4 and 5.3.4.4). Many of the barriers identified within hospitals also correlate to those 

found within private sector buildings (Schleich and Gruber, 2008). Further NHS specific barriers to 

energy efficiency were examined in Chapter 7.  

 

This research was facilitated through two workshops undertaken at Eastwood Park Training Centre 

during November 2017 and March 2018. A total of 14 NHS participants provided 122 barrier 

responses, the results of which were tabulated and summarised (see section 7.2). Many of the 

barriers identified during the research workshops correlate to those already observed within the first 

two case studies, therefore suggesting a wider issue across many NHS hospital Trusts (see section 

7.2.1). Interestingly, whilst ‘technical and building’ related barriers came second in terms of the 

greatest number of responses after people barriers, the issue of oversizing in building services was 

not raised as a potential barrier by any of the 14 participants.  

 

Multiple barriers often exist simultaneously leading to a complex problem requiring a systemic 

solution to overcome. Barriers such as organisational constraints and clinical priorities that favour 

medical needs over building infrastructure improvements prevent hospital estates teams obtaining 

the much needed funding they require for energy efficiency projects. A lack of good quality energy 
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data presents a significant issue to hospital energy managers as this inhibits the effective monitoring 

and control of energy consumption. People barriers such as cognitive bias, a high turnover of staff 

and a lack of training opportunities, are also apparent. From a building infrastructure perspective, 

the second case study at the RSUH revealed the oversized boiler system as a previously overlooked 

barrier to energy efficiency; this leads onto the subsequent research questions of this thesis. 

 

RQ2: What is the evidence of oversizing in building services? 

The evidence of building services oversizing obtained from the research of this thesis is 

overwhelming. A detailed case study undertaken at the RSUH during 2015/16 identified a seriously 

oversized boiler system, four times the capacity requirements of the site (see section 5.3). A second 

case study undertaken during 2019/20 at the JRH examined a complex cooling system which was 

again found to be oversized (see section 5.4) by a factor of three. An interview with an experienced 

building services design consultant also confirmed concerns of oversizing; the discussion highlighted 

the various considerations and potential limitations of the sizing rationale using a boiler design as an 

example (see section 6.3). A capacity review of an installed ventilation system at the Northwick Park 

Hospital during 2019 with a comparison to actual hospital requirements, adds a further layer of 

evidence to the oversizing issue (see section 8.8.1).   

 

From the case studies and a practitioner’s perspective which is supported by the academic literature, 

there is substantial evidence of the excessive application of design margins and consequent 

oversizing of building service systems, leading to its inefficient operation and energy performance. 

Design margins leading to building services overdesign can be seen as part of the wider problem of 

over-engineering, coupled with design deficiencies and a lack of feedback to design. It is clear from 

the literature timelines cited within this thesis that overdesign is not a new phenomenon, but an 

issue that has occurred for a number of decades. An important conclusion of the research of this 

thesis is that overdesign within building services, is predominantly a ‘hidden’ issue. 

 

RQ3: What are the causes of building services overdesign? 

There are many factors and influences leading to building services overdesign. Several of them often 

apply at the same time, which accounts for the excessive margins found in the case study systems. 

 

• Habitual margins: The excessive use of margins is a major cause of oversizing (see section 

6.2.2). This results from the large range of margins, and margin values quoted in building 
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services guidance documents (see section 6.2.1). As there is little published guidance on the 

best use of margins, design engineers are left to decide where to add these and to what 

extent, based on prior experience ‘custom and practice’ and the use of ‘rules of thumb’ 

estimates (see section 6.3). 

  

• Unclear requirements: (see section 8.4) often lead to a poor ‘client brief’ or requirements 

specification (see section 8.4.1). This stems from a lack of good quality energy and site 

demand data, often a result of poor metering (see section 8.4.2). Inadequate standards of 

data collection (see section 8.4.2) and a shortage of expertise to analyse the data adds to this 

problem (see section 8.7.1). 

 

• Resilience: The need to be resilient leads hospital Trusts to adopt a cautious approach to 

design, resulting in overdesign. Therefore, redundancy is added for resilience (see section 

8.3.3). 

 

• Inadequate process management: A lack of process co-ordination, poor communications 

and ineffective management between project design stakeholders are other important 

factors (see section 7.4). 

 

• Inadequate NHS funding mechanisms and capital constraints force the use of EPC 

arrangements that can also lead to oversizing (see section 5.4). Replacement systems are 

often part funded through savings compared to an old system, on whose capacity the new 

system was based (see section 5.4.2). If the old system was overdesigned, this is inherited by 

the new system. 

 

• Lack of consistent leadership in NHS estates from the continual movement of senior 

management leads to a loss of site-specific knowledge, resulting in poor decision choices (see 

section 8.1). 

 

Other contributing factors to overdesign are the mitigation of risk and the financial benefits to M&E 

design consultancies and installing contractors resulting from the development of larger, 

overdesigned systems, and therefore may be why the issue of oversizing within the building services 

industry, is not being addressed. On consideration of the aforementioned contributing factors that 

include: the large range of margins and margin values quoted within building services guidance 

documents, overstated requirements and customary redundancy, a lack of process co-ordination, 
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poor communications and ineffective management between project stakeholders, it is apparent that 

the many interconnecting and complex causes of overdesign will require a multidimensional 

approach to overcome. 

 

RQ4: How can oversizing in building services be mitigated? 

Chapter 8 provides a range of strategies that aim to mitigate oversizing in hospital building service 

systems. Active margin management (see sections 8.5.1 and 8.5.3), transparency in the decision 

making processes (see section 8.7) and better traceability of margins (see section 8.5.1) are 

considered key to the mitigation of oversizing. 

 

Better requirements management is another important factor (see section 8.4). A clear and 

unambiguous ‘client brief’ or requirements specification based on good quality data, is therefore 

absolutely essential (see section 8.4.1). The analysis of future requirements through scenario 

planning, taking into account organisational changes, developments in medical interventions and 

alterations in weather patterns is also an important process to consider (see section 8.4.2).  

 

To achieve resilience, building services aim for reliable (see section 8.3.1) segregated (see section 

8.3.2) and like for like redundancy (see section 8.3.3). As like-for-like redundancy has a significant 

impact on overdesign, the use of alternative technologies in back-up systems and modular design 

can be considered (see section 8.6). Extending the boundary of a buildings heating or cooling system 

through a district network, is another mitigation measure that could also be applied to reduce onsite 

redundancy requirements (see section 8.3.3.1). Better project management through improved 

communication, transparent procedures and regular inclusive project meetings will help manage the 

potential impacts of overdesign (see section 8.7).  

 

As the issue of overdesign in building services is largely a ‘hidden’ problem, better knowledge and 

awareness through education and training that emphasises the energy and cost implications of 

overdesign is an important message to get across to designers and hospital decision makers (see 

section 8.7.1). ‘In use’ measures to lessen the impact of already oversized systems are discussed in 

section 8.8. 

 

The multifaceted nature of factors leading to building services overdesign highlights the need for an 

industry wide approach incorporating numerous changes that include the development of 

appropriate methods and procedures to quantitatively assess acceptable levels of overdesign 
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necessary for resilience, together with the creation of processes to avoid overdesign resulting from 

cumulative margins and other contributing factors, both within, and outside the design process. 

 

9.2 Evaluation of the thesis findings 

The research was evaluated throughout the research process, in line with the spiral of applied 

research approach, discussed in (section 4.1), which advocated evaluating individual phases 

separately. The case studies were sequentially designed to evaluate the findings of the previous one. 

Case study 1 identified energy management issues, which were also studied in case study 2. Case 

study 2 identified overdesign as a major issue, which became the focus of case study 3. In addition, 

the research of this thesis has been further supported by way of two approaches outside of the case 

studies: participant group workshops and a practical study of a hospital ventilation system. Figure 

9-1 maps the research process. 

  

 
Figure 9-1. Research process and timelines illustrating issues identified and corresponding thesis chapters 

 

The research commenced in 2013 looking at general energy management barriers at NUH. Various 

issues were identified including multi-layered decision-making processes, poor communications and 

other barriers aligned to the Schleich and Gruber (2008) barrier classifications (see section 5.2.9). A 

second case study in 2015 was conducted at UHNM also looking at general energy management, and 

whilst many of the barriers identified were similar to those observed at NUH (see section 5.3.7) the 

case study also unearthed a significant issue of an oversized boiler system having a capacity of 26MW 

despite the site having a peak requirement of just 6MW; 400% over the site capacity requirements 

(see section 5.3.5). Despite attempts to identify the reason for overdesign, no conclusive explanation 

could be established. However, the requirements requested by the PFI, for a soon to be built PFI 

hospital are likely to have been a major factor (section 5.3.6). Research workshops with hospital 
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energy managers (see section 7.2) were undertaken in 2017/18 to better establish the general 

barriers to effective energy management and to establish if the issue of oversizing is recognised as a 

perceived problem and potential barrier. Whilst many of the barriers to energy efficiency related to 

those classified by Schleich and Gruber (2008) and Gupta et al. (2017), the oversizing issue was not 

recognised by any of the workshop participants, confirming that oversizing was a ‘hidden’ issue (see 

section 8.2.1). A third case study was undertaken in 2019/20 at OUH (see section 5.4) and looked 

specifically at a centralised cooling system (see section 5.4.2) which on examination was found to be 

276% above the calculated peak requirements of the site. An empirical exercise was carried out in 

2019 looking at a hospital ventilation unit (section 8.8.1). The rationale behind this exercise was to 

establish if the unit was oversized, and if so, to what extent. The study revealed an oversizing issue 

but also provided an optimised solution to the problem, significantly reducing energy consumption 

and costs. 

 

9.3 Contributions to knowledge 

The thesis specifically looks at overdesign in the context of building services and provides several 

contributions to new knowledge. This thesis has:  

 

• Established the problem and scale of overdesign in hospital building service systems and the 

negative impact this overdesign has on capital and energy costs, and system performance 

(Chapter 5). 

• Identified that a major cause of the overdesign results from the excessive application of 

margins throughout the specification, design and installation phases of a building services 

project (Chapter 6). 

• Identified the practice of uncoordinated application of margins found within the building 

services sector literature, such as CIBSE and ASHRAE guidelines (Chapter 6) as well as building 

practice. It has categorised the various margins found in building services design guidance 

and illustrated the cumulative impact on design (Chapter 6). 

• Developed rich case studies of overdesign modelling the components and requirements, 

calculating the degree of overdesign and its economic impacts (Chapter 6). 

• Determined the ‘general’ barriers to energy efficiency and their interrelation from the 

standpoint of NHS hospital estate (Chapter 7) and established that oversizing and its 

implications on energy costs and consumption, was largely unrecognised (Chapter 7). 

• Determined that overdesign is a systemic issue that needs several approaches to overcome 

(Chapters 6, 7 and 8). 
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• Established the rationale for design choices are often lost in the language of ‘savings hide 

wastage’ and resilience. 

• Provided a range of mitigation strategies that aim to overcome the issue of overdesign in 

building services (Chapter 8). 

 

9.4 Limitations of the research 

The thesis is based on three in depth hospital case studies, and only two of the three were studied 

from a building services overdesign perspective. This provides a very narrow sample representation 

of total UK hospitals. Furthermore, it was not possible to speak to many of the case study 

stakeholders. This was particularly relevant at the RSUH whereby those involved in the design, 

management and decision processes associated with the PFI hospital build and boiler upgrade, were 

no longer contactable. This resulted in a number of gaps in the thesis’ understanding such as the 

rationale behind why so much thermal energy was requested by the PFI contractor, what redundancy 

principles were applied to the upgraded boiler system and what margins were applied during the 

boiler design process. The research also only considered the views of a single building service 

consultant (CS3 – P11) which may have given a misinterpretation of wider building services design 

practice. 

 

Another limitation of the research is the lack of focus to the mapping and modelling of hospital 

organisational structures. The modelling of hospital: management structures, governance systems, 

decision-making processes and stakeholder power relationships, would all provide a better 

understanding as to who is responsible for making decisions for capital engineering infrastructure 

replacement based on what information and influences. Detailed mapping of the engineering design, 

installation and commissioning processes, usually undertaken by external design consultancies and 

main contractors have not been undertaken.  

 

Whilst the authors NHS connections through associated professional practice provided a useful 

platform to gain access to hospital Trusts and case study systems, the research was predominantly 

undertaken from the idiosyncratic viewpoint of the author, that is, from an energy management and 

building services lens, which of course has its limitations. This problem could also have been 

approached from a more theoretical lens such as resilience in the NHS or the development of margin 

theory.   

  



 241 

Another limitation of this work is that the mitigation strategies and recommendations provided in 

the Chapter 8 (summary Table 8-2), have not been tested beyond the ventilation unit, case study. 

 

9.5 Opportunities for further work 

A number of opportunities exist for further work with a view to mitigating overdesign of building 

service systems. The section begins with the description of small scale, specific research 

opportunities that could be easily implemented, these then lead on to large research projects and 

the possible development of margin tracker software tools: 

 

• Additional studies:  As discussed in sections 5.2.5 and 5.3.3, insights gained from the detailed 

review of internal and external influences along with procurement, design and decision 

processes all in respect to large hospital building service infrastructure projects provide a 

useful understanding of the issues associated with oversizing (Jones and Eckert 2016, 2017, 

2019, 2020; Jones et al., 2018). While the case studies in the thesis were an opportunistic 

sample, additional research case studies covering different types of sites or building service 

systems would provide a wider understanding of the scope of oversizing in hospitals. 

 

• CIBSE guidance documentation: In light of the comments made within Chapter 6 relating to 

CIBSE guidance for margins (see sections 6.2 and 6.2.1) it is recommended that CIBSE revisits 

their guidance documentation with a view to providing clear and unambiguous practical 

advice to building service design engineers on the application of margin values and the 

rationale for their inclusion. This will involve a significant body of work to be undertaken and 

the collaboration of industry professionals, CIBSE research teams, academics and building 

service practitioners. The development of a CIBSE ‘margins application guide’ would be a 

positive step towards the mitigation against oversizing within the building service industry.  

 

• In depth analysis and redundancy in building services: As seen from section 8.3, the need 

for resilience in hospitals leads to the application of significant redundancy factors. Whilst 

the like-for-like principle of N+1 redundancy is often quoted in HTM guidance, thus 

representing the margin buffer (Eckert et al., 2012) in reality the actual levels of redundancy 

applied are far greater (see sections 5.3.5, 5.4.2) leading to margin excess. Understanding 

the rationale behind designs and engineering calculations that lead to excess redundancy is 

an important line of research that if better understood could have a positive impact on the 

aspiration to reduce oversizing. Exploring the applications for alternative redundancy 
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principles, for example, obtaining resilience from outside of the system, or better like-for-

like solutions based on a modular architecture approach (see section 8.6) could help ensure 

that appropriate levels of resilience are provided without the risks of oversizing. 

 
• Implement and review the recommended mitigation strategies: The research presents a 

range of potential mitigation strategies, that if adopted, have a high probability of preventing 

the incidence of oversizing (see section 8.9). Further research that analyses the benefit of 

individual mitigation measures would therefore provide a valuable validation of each 

measure, or range of measures tested to ascertain the benefits. An element of action 

research would be required, working alongside hospital and design teams to ensure that 

measures adopted and benefits realised are both qualified, and quantified. 

 
• Looking at overdesign from a design consultancy perspective: The research has provided a 

limited view of the design process, as it has focused on the user organisation. Further insights 

could be gained by looking at the problem from the perspective of the consultancies, who 

design systems. Their design and decision processes, from the initial interpretation of the 

‘client brief’ or requirements specification through to the final project installation could 

provide a valuable addition, as this view is currently absent from the academic literature. 

Understanding the role and impact of building design and building simulation software, and 

how the use of these tools impact on the oversizing problem, is another important aspect. 

This includes how the use of default values within software tools impact the sizing outcome. 

 
• Development of margins capture software: As discussed in section 8.5.1 the development 

of a web based tool that tracks key margins within building services would provide significant 

benefits in the control of margin application. The tool, that would allow for the setting and 

tracking of individual margins during design and use and the capture of rationale for key 

decisions regarding margins, could provide a dashboard style overview of the margins that 

would inform the decision-making process for changes to an existing system or new 

investments. The possibility of linking tracked margins to existing BIM systems could also be 

considered. Given that the system will inevitably support multiple layer and professional 

stakeholders, it would require simple and intuitive interfaces for the tracking of individual 

margins as well as a margin dashboard. Suitable visualisations for tracking margins could be 

developed. The idea of margin profiles (see Figure 6-3), which give a visual impression of 

margin development, could be explored, these could also be combined in a dashboard to 

alert the users to critically small, or uneconomically large margins. 
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9.6 Thesis Conclusion 

The research of this thesis has revealed that multiple barriers impact on effective energy 

management in hospitals and that very often there is an intrinsic link between each of them. 

Numerous organisational constraints within NHS hospitals impact on the availability of financial 

resources for, and the long-term planning of, energy efficiency investment that can result from the 

prioritisation of clinical needs over energy efficiency. A lack of good quality energy data is also 

problematic, impacting on the ability to effectively manage and forecast energy use. An apparent 

shortage of appropriately skilled and experienced energy managers together with a high turnover of 

hospital management is a further barrier that can often lead to cognitive bias, and poor decision-

making. The importance of appropriate training and education therefore cannot be overstated.  

 

The study of general barriers to energy management identified the ‘hidden’ issue of building services 

overdesign. The capacity of building service systems in many hospitals exceeds the requirements by 

huge amounts. The oversizing of building services has a direct impact on building efficiency, capital, 

maintenance and operational costs, as well as environmental and societal impact throughout its 

lifecycle; and ultimately impacts upon patient care, by diverting much needed funding.  

 

A key factor leading to the oversizing is the excessive and uncoordinated application of design 

margins across the various project stages. The case studies indicate that some building services are 

oversized by more than 400% against current requirements and are backed up using multiple systems 

to provide redundancy in the event of component failure, which also leads to increased annual 

running costs of 100,000s of pounds (Jones and Eckert, 2017). Planned overcapacity during the 

specification stage may be considered necessary to allow for future expansion. Whereas overcapacity 

during the design and installation stages could be seen to provide flexibility, resilience, safety and 

functionality. The case studies of this thesis analyse the overdesign of new replacement building 

service systems and the causes that have led to it. It raises the importance of margins as a ‘hidden’ 

source of excess cost and energy consumption and proposes that the margins in building services 

need to be managed actively to avoid overdesign. 

 

Overcapacity is often justified in the name of resilience. Hospitals are obliged to be resilient and 

maintain their core functionality even in adverse circumstances. Systems are often designed on a 

’like for like‘ basis, replacing old oversized systems with more efficient but equally oversized systems 

without conducting proper life cycle analysis, because the hospital feels confident that the system 

meets its needs. Establishing the current and future needs of a hospital can be considered very 

difficult due to poor data availability and a lack of future planning scenarios. Understanding the needs 
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of the different systems can also be fragmented over numerous stakeholders. An ever-changing 

range of personnel in different organisations can result in a loss of important site-specific knowledge 

and decision rationale. 

 

Other contributing factors to overdesign include a lack of communication and transparency across 

the various stakeholder groups, including NHS Trusts, PFI providers and building contractors, the use 

of ‘rule of thumb’ assumptions and imperfect building data to define initial project specifications. 

Energy Performance Contracting provides a private sector ‘funding mechanism’ for hospitals to 

procure large infrastructure systems. This leads to substantial long-term financial burdens for the 

NHS and misses opportunities from an energy efficiency perspective.  
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Appendices 
 

Appendix A. Example research consent form 
 

 
 

 

Ph.D. Research Project - Strategic Energy Management within Hospitals 
Consent for Participation in Interview Research - Department of Engineering & Innovation 
Faculty of Mathematics, Computing & Technology 
!
Introduction - The NHS represents 3-5% of UK carbon emissions. Its large estate and the increasing energy 
intensity of healthcare interventions, particularly of those in hospitals and emergency care, are growing the 
challenge to meet legally binding targets. The NHS has committed to achieving net national carbon 
emissions targets, in line with the UK Climate Change Act 2008.  

Research Focus - The Ph.D. thesis will concentrate on strategic energy management in Hospital Trusts; 
this is a combination of energy reduction investment and the improved use of existing hospital assets, and 
how these elements relate to decision-making processes within hospitals. The primary research question to 
be answered is “how can strategic energy management in hospitals be supported?”   

Research Methods - Through the careful evaluation of six NHS Trusts, it is hoped that useful conclusions 
can be drawn, which are applicable to other hospital Trusts. Through semi-structured interviews, the 
research will aim to establish who the key stakeholders are, and what influence each of these have on the 
Trusts carbon reduction agenda; also by analysing the internal policies, strategies and documentation within 
these NHS organisations, it may be possible to better understand the effectiveness of these documents and 
the governance structures.  

Objectives of this Research - The needs and relationships of key stakeholders, decision processes, 
governance systems and barriers to efficiency within the specific context of energy management in hospitals, 
are not currently well documented, or understood.  This research is going to try and unpick how decisions 
are made within NHS hospitals and how the implications of such decisions affect the energy performance of 
the organisation. The intended outcomes of the research are to improve decision-making processes and 
governance systems in relation to strategic energy investment and management, to better understand the 
barriers associated with hospital energy management and to develop new energy reporting metrics that 
specifically relate to clinical activity, and hence stimulate engagement of the Trust Board members and 
senior managers.   

Agreement to Participate 

I ……………………………………………volunteer to participate in an interview conducted by Darren Jones 
from The Open University. My participation in this project is voluntary. I understand that I will not be paid for 
my participation. I may withdraw and discontinue participation at any time without penalty. 

I understand that if I feel uncomfortable in any way during the interview session, I have the right to decline to 
answer any question or to end the interview. The interview will last approximately 45-60 minutes. Notes will 
be written during the interview. An audio recording of the interview and subsequent dialogue will be made. I 
can decline to be recorded if I so desire. 

Parts of the interview and quotes in particular may be used in the final thesis as well as in the intermediate 
reports during the term of this PhD. I understand that no parts of my contribution to this interview will be 
used, nor attributed to me without my explicit consent.   

I understand that the material recorded in this interview, both audio and notes will be used exclusively for this 
research project. 

I understand that although any quote included in the thesis or any other report will not mention the 
interviewees by their names, it may still be possible for a person familiar with the organisation to identify the 
originator of the quote. 

I assign the copyright for my contribution to the Faculty for use in education, research and publication. 
 

Signed:                                                                                                  Date:! ! !



 246 

Appendix B. Boiler standing loss calculations for installed and improved boiler systems (RSUH) 
 
Based on the case study boiler arrangement, whereby two and three boilers were in operation during 

the summer and winter respectively, standing losses can be calculated: 

 

8.2𝑀𝑊	𝑥	2	𝑏𝑜𝑖𝑙𝑒𝑟𝑠	(𝑠𝑢𝑚𝑚𝑒𝑟	𝑠𝑖𝑥	𝑚𝑜𝑛𝑡ℎ	𝑝𝑒𝑟𝑖𝑜𝑑) = 16.4𝑀𝑊	(16,400𝑘𝑊)	𝑥	3% = 492𝑘𝑊 

8.2𝑀𝑊	𝑥	3	𝑏𝑜𝑖𝑙𝑒𝑟𝑠	(𝑤𝑖𝑛𝑡𝑒𝑟	𝑠𝑖𝑥	𝑚𝑜𝑛𝑡ℎ	𝑝𝑒𝑟𝑖𝑜𝑑) = 24.6𝑀𝑊	(24,600𝑘𝑊)	𝑥	3% = 738𝑘𝑊 

 

Losses over a 12-month period: 

=	 (492𝑘𝑊	𝑥	4380𝐻𝑟𝑠) 	+	(738𝑘𝑊	𝑥	4380𝐻𝑟𝑠) 	= 	5,387,400𝑘𝑊ℎ 

 

Based on actual gas unit cost– from invoices between April 2014 - March 2015; total standing boiler 

losses are anticipated to cost in the region of: 

 

2.9𝑝/𝑘𝑊ℎ	𝑥	5,387,400	 = 	£𝟏𝟓𝟔, 𝟐𝟑𝟓	𝒑. 𝒂. 

 

Based on the figures above, over the twenty-year life span of the boilers, standing losses will account 

for approximately £3M worth of expenditure and CO2e emissions of 992 tonnes (Calculated using the 

DEFRA 2017 carbon factor for natural gas of 0.18416 kg CO2e). 

 

In order to put these energy losses and associated costs into perspective, based on a more 

appropriately sized boiler system of 9.0 MW, whereby all ‘margin excess’ is removed, two 3MW 

boilers would be sufficient to meet the site peak demand of 6MW, backed up by a further 3MW 

boiler to provide N+1 redundancy (the margin buffer); the following standing losses would result: 

 

3.0𝑀𝑊	𝑥	2	𝑏𝑜𝑖𝑙𝑒𝑟𝑠	(𝑠𝑢𝑚𝑚𝑒𝑟	𝑠𝑖𝑥	𝑚𝑜𝑛𝑡ℎ	𝑝𝑒𝑟𝑖𝑜𝑑) = 6.0𝑀𝑊	(6,000𝑘𝑊)	𝑥	3% = 180𝑘𝑊 

3.0𝑀𝑊	𝑥	3	𝑏𝑜𝑖𝑙𝑒𝑟𝑠	(𝑤𝑖𝑛𝑡𝑒𝑟	𝑠𝑖𝑥	𝑚𝑜𝑛𝑡ℎ	𝑝𝑒𝑟𝑖𝑜𝑑) = 	9.0𝑀𝑊	(9,000𝑘𝑊)	𝑥	3% = 270𝑘𝑊 

 

Losses over a 12-month period:	

=	 (180𝑘𝑊	𝑥	4380𝐻𝑟𝑠) 	+	(270𝑘𝑊	𝑥	4380𝐻𝑟𝑠) 	= 	1,971,000𝑘𝑊ℎ 

 

Hence, based on the same gas unit cost– from invoices between April 2014 - March 2015; total 

standing boiler losses are anticipated to cost in the region of: 

 

2.9𝑝/𝑘𝑊ℎ	𝑥	1,971,000	 = 	£𝟓𝟕, 𝟏𝟓𝟗	𝒑. 𝒂. 
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Appendix C. Calculations and methodology of alternative cooling system comparison (JRH) 

 

Coefficient of performance (COP) is a common approach used to evaluate the performance of a 

chiller or refrigeration system, whereby the COP is defined as: 

 

 𝐶𝑂𝑃 = 𝑄/𝑃           

 

Where, Q is rated cooling capacity, and P is the rated input power; both units are measured in kW; 

hence, the higher the COP the better the performance of the refrigeration system. Due to the 

influence of external and internal factors, the refrigeration system will not always operate at its 

optimum COP performance rating, hence, this will change under variable load and operating 

conditions (Na et al. 2015). 

 

As presented in the case study Figure 5-16 the chilled water system at the John Radcliffe Hospital is 

a complex engineering system involving a selection of plant and equipment including a CHP unit, a 

combination boiler, two steam boilers an electric chiller and two absorption chillers; all chiller units 

are linked to seven adiabatic heat rejection units. Multiple complex thermodynamic processes are at 

play within the case study cooling system. Two of the three chillers installed use the process of 

absorption cooling, whereby the use of high-grade thermal energy (hot water) generated through 

the combustion of natural gas via the CHP unit, the combination and two steam boilers is utilised 

within the absorption refrigeration cycle to provide space cooling. Due to a combination of 

combustion losses, distribution losses and a relatively poor efficiency of an absorption chiller, which 

at best, typically achieves a COP of 1.0.  

 

The arrangement of the third electric chiller is far less complex, as this simply utilises mains power to 

operate a compressor within a process called the vapour compression cycle; a modern electric chiller 

is capable of achieving a COP as high as 8.596; the 1.6MW electric chiller installed at the case study 

site when taking into account the manufacturers electrical input power and cooling capacity data, 

suggests an estimated COP of 4.0.  

 

 

 

 
96 Turbocor Chiller COP Rating – Available online at:  https://aquacooling.co.uk/products/turbocor-chillers/ (Accessed on 
29/09/2021) 
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Modelling and energy simulation of existing and alternative chiller systems 

To ensure the modelling and energy simulation of an alternative system design at the JRH provides a 

meaningful and useful comparator, it was first necessary to model the existing system to determine 

the cooling load requirements of the hospital site, as well as, the anticipated annual energy 

consumption of the cooling systems, key components. This further in-depth study required an 

additional site visit and analysis of site cooling water demand data as described in Chapter 4 and 

involved the valuable support and assistance of Maria Hein, a Masters student at the University of 

KTH Royal Institute of Technology, Stockholm. 

    

A hospital site visit took place on February 13th 2020 that included a plant room tour and discussions 

with the Trust Senior Operational Estates Manager; both the thesis author and Maria Hein were in 

attendance. Observations and discussions during the site visit allowed for the collation of detailed 

system information regarding machine capacities and the technical operation and interconnections 

of the cooling system, plant and equipment. Following the site visit, cooling demand data was 

provided in MS Excel format by the Trust main contractor, Vital Energi, that allowed chilled water 

demand profiles to be determined. Analysis of the cooling water demand data was undertaken by 

Maria Hein (Hein et al., 2021) under the supervision of the thesis author, together with the capture 

and arrangement of equipment capacities, system modelling and engineering calculations, all of 

which was utilised to provide a best estimate of historic energy consumption, by the system key 

components. 

 

Figure AC-1 provides a model schematic of the cooling system layout with all equipment 

interconnections, this is an extended figure of that presented and described in Figure 5-16. In 

addition to illustrating the original, Phase 1 and Phase 2 plant as presented in Figure 5-16, the revised 

Figure AC-1 also provides the boundaries of various plant rooms housing boilers, chillers and 

adiabatic heat rejection plant, located on the hospital roof.   

 

The model also displays the chilled water (CHW) flow and return pipework in dark and light blue 

directional lines respectively, whereas the flow and return heat rejection pipework is represented by 

the dark and light red directional lines respectively. Heating pipework is illustrated in black directional 

lines, and the underground pipeline was installed to enable transferring of excess heat and power 

from the main hospital, to a secondary hospital site. 
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Figure AC-1. Revised model of building service system configuration – Source: Hein et al. 2021  
 

Figure AC-1 provides labels for key components of the entire building services system which have 

been numbered, 1 through to 11. Importantly, chilled water components 1 through to 7 are the focus 

of this comparative study, and it is the capacity and operation of these components that will be used 

to deduce the cooling system performance against an alternative system design; these components 

together with the capacity and quantity of each unit, are shown in Table AC-1. 

 

Table AC-1. Cooling system components with the capacity and quantity of each unit 
 

Component 
reference 

Component Capacity Quantity 

1 Chiller 1 - Electric 1.6MW 1 
2 Chiller 2 – LTHW Absorption 1.157MW 1 
3 Chiller 3 – HTHW Absorption 1.0MW 1 
4 Adiabatic Coolers (Radiators) 1.05MW 7 
5 Adiabatic Cooler Pumps 37kW 6 
6 Chiller Pumps 15kW 6 
7 Chilled Water Pumps 30kW 3 

 

The cooling system components provided in Table AC-1 are modelled along with corresponding 

chilled water and heat rejection water, flow and return temperatures obtained from data provided 

by the Trust main design contractor. The model was developed by Hein et al. (2021) under the 

supervision of the author which is presented in Figure AC-2. 
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Figure AC-2. Model of cooling system and corresponding design water temperatures 
Source: Hein et al. 2021 

 

The model includes the three chillers (green for electric and blue for absorption) and associated 

adiabatic heat rejection units (in red), as well as the various integrated water distribution pumps. The 

model illustrates the configuration of the system in some detail, illustrating how the chiller and 

adiabatic heat rejection pumps are installed in sets of two, to provide for N+1 redundancy should 

one of the pumps fail. The dashed line illustrates the chiller room floor plan arrangement, displaying 

the placement of the various components within the plantroom. The zigzag lines illustrate the 

pipework runs circulating to areas outside of the chiller plantroom. The directional lines representing 

the pipework runs are denoted by various shades of blue and red to illustrate the varying 

temperatures of the flow and return water. Dark blue lines illustrate a CHW flow temperature of 7°C 

exiting the chillers, whereby water is then distributed to the hospital building for cooling, via the 

CHW pump sets. As the water picks up heat from the building, the water increases in temperature 

and is pumped back to the chillers indicated by the lighter blue lines, via the chiller pumps, at a higher 

design temperature of 12.5°C. The by-product of the chiller refrigeration cycle is waste heat, this 

flows from the chiller heat rejection circuit at an anticipated design temperature of 36.5°C through 

the heat rejection pipework to the adiabatic cooler units (radiators) located on the roof, where heat 

from the building is rejected to atmosphere. Cooler heat rejection water is then pumped back to the 

chillers via the adiabatic pumps at an anticipated design temperature of 27°C, where heat from the 

chillers is again absorbed by the water. Despite the system components being functionally linked 
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across the system, for the purpose of calculation and clarity, the energy consumption of each 

component is assessed in isolation. 

 

Annual Energy Calculation of the Chillers (Components 1,2 and 3) 

During the site visit on the 13th February 2020, the operation and sequencing of the chillers were 

discussed with the Trust Senior Operational Estates Manager. It was noted that the electric Chiller 1 

generally operates as the main chiller, and if this was to fail or is unable to meet the site cooling 

demand, Chiller 2 the LTHW absorption chiller, operates as the first standby chiller. Chiller 3, the 

HTHW absorption chiller would then provide additional redundancy to the system, should this be 

necessary. 

 

In addition to system modelling, analysis of the cooling water demand data was undertaken.  The 

data analysis was carried out in conjunction with the authors knowledge and practical assumptions 

of each chillers energy efficiency rating - COP. AC-2 below presents the cooling demand data for each 

month during 2019 for both the electric chiller (component 1) and LTHW absorption chiller 

(component 2); discussions with the Trust Senior Operational Estates Manager during the site visit 

suggested that the HTHW Chiller (component 3) is rarely operational, this was confirmed by the data 

displaying a zero demand profile throughout 2019; hence this chiller has been excluded from any 

calculations within this study. The cooling demand on the electric chiller results in a power 

consumption of 25% of the demand, given that this chiller has a COP of 4. Due to distribution and 

thermal efficiency losses within the CHP system that provides heat to drive the LTHW absorption 

chiller coupled with the chillers relatively low COP of 1, the cooling demand on the LTHW absorption 

chiller results in a power consumption of 150% of the demand. The monthly cooling demand data 

and associated power consumption of Chiller 1 and Chiller 2 derived using MS Excel functions as 

presented in the Methodology Chapter 4 Figure 4-15.  

 
Table AC-2. Cooling Demand and Power Consumption of Chillers - Displayed monthly, Year 2019. 

 
Month 
2019 

Electric Chiller No 1. 
   Demand          Consumption 

Absorption Chiller No 2. 
   Demand          Consumption 

Totals (kWh) 
   Demand          Consumption 

January 117,582 29,396 0 0 117,582 29,396 
February 133,337 33,334 8,214 12,321 141,552 45,655 

March 150,705 37,676 70,066 105,099 220,771 142,775 
April 201,811 50,453 112,435 168,652 314,246 219,105 
May 253,872 63,468 282,006 423,009 535,878 486,477 
June 287,694 71,923 417,855 626,783 705,549 698,706 
July 461,647 115,412 231,325 346,988 692,972 462,400 

August 397,941 99,485 404,103 606,155 802,044 705,640 
September 309,950 77,488 386,547 579,821 696,498 657,309 

October 245,130 61,283 45,663 68,495 290,793 129,777 
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November 150,911 37,728 6,361 9,541 157,272 47,269 
December 145,020 36,255 0 0 145,020 36,255 

Totals 2,855,600 713,900 1,964,575 2,946,863 4,820,175 3,660,763 
 

As seen from the data summarised in Table AC-2 the electric chiller (component 1) and absorption 

chiller (component 2) consumed 3,660,763kWh of energy during 2019 to meet a cooling demand of 

4,820,175kWh. The average hourly cooling demand throughout 2019 was 550 kWh, this was derived 

from the total demand (blue font) divided by 8,760 hours. Annual peak demand for the site occurred 

during August with an average hourly demand of 1,078 kWh, derived from the total demand during 

August (green font) divided by 744 hours. 

 

Annual Energy Calculation of the Adiabatic Coolers (Component 4) 

The adiabatic coolers represent component number 4 within Table AC-2 and Figures AC-1 and AC-2. 

There are seven adiabatic heat rejection radiators in total each having a capacity of 1.05 MW. These 

heat rejection units use water coils and axial fans to dissipate heat and hence consume fan power to 

carry out this operation. The heat rejection demand on the adiabatic coolers is equal to the site 

cooling demand, it is therefore evident that the heat rejection capability of these units is vastly over 

engineered, impacting significantly on the capital cost and ongoing maintenance costs of these units. 

Given that many of the heat rejection units will remain in-operational due to a lack of demand, it can 

be safely assumed that the fan power utilised to reject heat from the existing system would be very 

similar to that utilised within the alternative system design; fan power associated with the adiabatic 

coolers has therefore not been calculated. 

 

Annual Energy Calculation of the Adiabatic Cooler Pumps (Component 5) 

The adiabatic cooler pumps represent component number 5 within Table AC-2 and Figures AC-1 and 

AC-2. Due to the significant lift required to move heat rejection water from the chiller basement 

plantroom up to the adiabatic coolers located on the roof, the system is fitted with large pumps 

driven by 37 kW motors. Six pumps are installed in total, two pumps per chiller; one operational and 

one standby. During the site visit in February 2020 a single pump serving Chiller No. 1 was 

operational. Given this observation, the following assumptions can be made: 

 

• The 37kW pump motors operate at 70% capacity, as design margins of 30% are typically 

applied (CIBSE, 2012b). 

• One pump serving one chiller is operational three months of the year when cooling demand 

is low (Winter). 
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• Two pumps serving two chillers are operational three months of the year when the cooling 

demand is high (Summer). 

• During the six months of spring and autumn, the cooling demand is anticipated to be an 

average of the combined summer and winter consumption values. 

• For the purpose of calculation, all seasons are assumed to have equal time periods. 
  

• No variable speed drives (VSD) are fitted to 
the adiabatic pumps, therefore these operate constantly at 50 Hz. 

 

Annual power consumed by the adiabatic cooler pumps is estimated as follows: 

 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚		𝑚𝑜𝑡𝑜𝑟	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑥	𝑘𝑊 = 37𝑘𝑊 

𝑃𝑢𝑚𝑝	𝑑𝑒𝑠𝑖𝑔𝑛	𝑚𝑎𝑟𝑔𝑖𝑛 = 30% = 0.3 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = (1 − 0.3) 	 ∙ 𝑥	𝑘𝑊 = 0.7	 ∙ 37	𝑘𝑊 = 25.9	𝑘𝑊 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 50	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑁𝑜	𝑉𝑆𝐷) = 𝑦	𝐻𝑧 = 50	𝐻𝑧 

 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟 = J
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦K
!

=	J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
50	𝐻𝑧
50	𝐻𝑧K

!

= 1 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(	𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

	 ∙ 0.7	 ∙ 	𝑥	𝑘𝑊	 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
50	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 37	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 1 ∙ 0.7 ∙ 37	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 56,721	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7	 ∙ 𝑥	𝑘𝑊 ∙ 2 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
50	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 37	𝑘𝑊 ∙ 2 ∙ 2190	ℎ𝑟𝑠 = 1 ∙ 0.7 ∙ 37	𝑘𝑊 ∙ 2 ∙ 2190	𝐻𝑟𝑠 = 113,442	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑝𝑟𝑖𝑛𝑔	𝑎𝑛𝑑	𝐴𝑢𝑡𝑢𝑚𝑛) =
𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑

2 	 ∙ 2

= 56,721 + 113442 = 170,163	𝑘𝑊ℎ	 

𝐴𝑛𝑛𝑢𝑎𝑙	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 56,721 + 113,442 + 170,163 = 𝟑𝟒𝟎, 𝟑𝟐𝟔	𝒌𝑾𝒉 

 

Annual Energy Calculation of the Chiller Pumps (Component 6) 

The chiller pumps represent component number 6 within Table AC-2 and Figures AC-1 and AC-2. 

These pumps draw return chilled water from the hospital back to the chillers. Six chiller pumps are 

installed in total, two pumps serving each chiller; one operational and one standby. Each pump is 

powered by a 15kW motor and each motor is controlled by a variable speed drive (VSD) that 

modulates pump output based on demand. The following observations, information and 

assumptions are noted: 
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• The 15kW pump motors operate at 70% capacity, as design margins of 30% are typically 

applied (CIBSE, 2012b). 

• One pump serving one chiller is operational three months of the year when cooling demand 

is low (Winter); the typical operating frequency during low demand months is 39.8 Hz. This 

assumption is based on the said frequency and the number of pumps observed to be 

operational during the site visit, on 13th February 2020. 

• Two pumps serving two chillers are operational three months of the year when the cooling 

demand is high (Summer). It is anticipated that during the summer months, 1 pump motor 

will operate at a frequency of 50 Hz, and the second pump motor will operate at an average 

frequency of 40 Hz. These frequencies were noted and communicated via a telecom 

discussion with a site technical manager on the 27th August 2021. 

• During the six months of spring and autumn, the cooling demand is anticipated to be an 

average of the combined summer and winter consumption values. 

• For the purpose of calculation, all seasons are assumed to have equal time periods. 

• Variable speed drives (VSD) are fitted to all chiller pumps and in practice these will 

continuously modulate according to demand requirements, hence, the use of fixed seasonal 

frequencies have been used to provide a best estimate of power consumption. 

 

Annual power consumed by the chiller pumps is estimated as follows: 

 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚		𝑚𝑜𝑡𝑜𝑟	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑥	𝑘𝑊 = 15𝑘𝑊 

𝑃𝑢𝑚𝑝	𝑑𝑒𝑠𝑖𝑔𝑛	𝑚𝑎𝑟𝑔𝑖𝑛 = 30% = 0.3 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = (1 − 0.3) 	 ∙ 𝑥	𝑘𝑊 = 0.7	 ∙ 15	𝑘𝑊 = 10.5	𝑘𝑊 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 50	𝐻𝑧 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟 = J
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦K
!

=	J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

 

 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 39.8	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 50	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 40	𝐻𝑧 

 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
39.8	𝐻𝑧
50	𝐻𝑧 K

!

= 0.504358336 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
50	𝐻𝑧
50	𝐻𝑧K

!

= 1 
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𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	 J
40	𝐻𝑧
50	𝐻𝑧K

!

= 0.512 

 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
39.8	𝐻𝑧
50	𝐻𝑧 K

!

∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 0.504358336 ∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 11,598	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
50	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 1 ∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 22,995	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
40	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 0.512 ∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 11,773	𝑘𝑊ℎ	 

𝑇𝑜𝑡𝑎𝑙	𝑠𝑢𝑚𝑚𝑒𝑟	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 22,995	𝑘𝑊ℎ + 11,773	𝑘𝑊ℎ = 34,768	𝑘𝑊ℎ 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑝𝑟𝑖𝑛𝑔	𝑎𝑛𝑑	𝐴𝑢𝑡𝑢𝑚𝑛) =
𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑

2 	 ∙ 2

= 11,598 + 34,768 = 46,366	𝑘𝑊ℎ	 

𝐴𝑛𝑛𝑢𝑎𝑙	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑆𝑢𝑚	𝑜𝑓	𝑎𝑙𝑙	𝑓𝑜𝑢𝑟	𝑠𝑒𝑎𝑠𝑜𝑛𝑠 = 11,598 + 34,768 + 46,366

= 𝟗𝟐, 𝟕𝟑𝟐	𝒌𝑾𝒉 

 

Annual Energy Calculation of the Chilled Water Pumps (Component 7) 

The chilled water pumps represent component number 7 within Table AC-2 and Figures AC-1 and AC-

2. These pumps distribute chilled water from the chiller plant throughout the hospital building. Three 

chilled water pumps are installed in total; two modulate based on system demand and the third 

provides N+1 redundancy. Each pump is powered by a 30kW motor and each motor is controlled by 

a variable speed drive (VSD). As cooling demand increases within the building, the first pump within 

the sequence modulates incrementally until a maximum frequency of 50Hz has been reached, when 

demand increases further, the second pump is brought into operation and again incrementally 

increases in speed and frequency, again, up to a maximum of 50Hz.   

 

The following observations, information and assumptions are noted: 

 

• The 30kW pump motors operate at 70% capacity, as design margins of 30% are typically 

applied (CIBSE, 2012b). 

• One pump serving the chilled water distribution network is operational three months of the 

year when cooling demand is low (Winter); the typical operating frequency during low 
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demand months is 24.9 Hz. This assumption is based on the frequency and number of pumps 

observed to be operational during the site visit, on 13th February 2020. 

• Two pumps serving the chilled water distribution network are operational three months of 

the year when the cooling demand is high (Summer). It is anticipated that during the summer 

months, 1 pump motor will operate at a frequency of 50 Hz, and the second pump motor will 

operate at an average frequency of 45 Hz. These frequencies were noted and communicated 

via a telecom discussion with a site technical manager on the 27th August 2021. 

• During the six months of spring and autumn, the cooling demand is anticipated to be an 

average of the combined summer and winter consumption values. 

• For the purpose of calculation, all seasons are assumed to have equal time periods. 

• Variable speed drives (VSD) are fitted to all chiller pumps and in practice these will 

continuously modulate according to demand requirements, hence, the use of fixed seasonal 

frequencies have been used to provide a best estimate of power consumption. 

 

Annual power consumed by the chiller pumps is estimated as follows: 

 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚		𝑚𝑜𝑡𝑜𝑟	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑥	𝑘𝑊 = 30𝑘𝑊 

𝑃𝑢𝑚𝑝	𝑑𝑒𝑠𝑖𝑔𝑛	𝑚𝑎𝑟𝑔𝑖𝑛 = 30% = 0.3 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = (1 − 0.3) 	 ∙ 𝑥	𝑘𝑊 = 0.7	 ∙ 30	𝑘𝑊 = 21.0	𝑘𝑊 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 50	𝐻𝑧 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟 = J
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦K
!

=	J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

 

 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 24.9	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 50	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 45	𝐻𝑧 

 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
24.9	𝐻𝑧
50	𝐻𝑧 K

!

= 0.123505992 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
50	𝐻𝑧
50	𝐻𝑧K

!

= 1 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	 J
45	𝐻𝑧
50	𝐻𝑧K

!

= 0.729 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	1,𝑊𝑖𝑛𝑡𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
24.9	𝐻𝑧
50	𝐻𝑧 K

!

∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 0.123505992 ∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 5,680	𝑘𝑊ℎ	 



 257 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	1, 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
50	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 1 ∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 45,990	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑃𝑢𝑚𝑝	2, 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
45	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 0.729 ∙ 0.7 ∙ 30	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 33,527	𝑘𝑊ℎ	 

𝑇𝑜𝑡𝑎𝑙	𝑠𝑢𝑚𝑚𝑒𝑟	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 45,990	𝑘𝑊ℎ + 33,527	𝑘𝑊ℎ = 79,517	𝑘𝑊ℎ 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑝𝑟𝑖𝑛𝑔	𝑎𝑛𝑑	𝐴𝑢𝑡𝑢𝑚𝑛) =
𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑

2 	 ∙ 2

= 5,680 + 79,517 = 85,197	𝑘𝑊ℎ	 

𝐴𝑛𝑛𝑢𝑎𝑙	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑆𝑢𝑚	𝑜𝑓	𝑎𝑙𝑙	𝑓𝑜𝑢𝑟	𝑠𝑒𝑎𝑠𝑜𝑛𝑠 = 5,680 + 79,517 + 85,197

= 𝟏𝟕𝟎, 𝟑𝟗𝟒	𝒌𝑾𝒉 

 

Figure AC-3 sets out the total anticipated annual energy consumption of key components associated 

with the installed chilled water system.  

 
Figure AC-3. Annual energy consumption of key components – existing chiller system 

 

Based on the energy consumption data summarised in Table AC-2, a typical hospital electricity tariff 

of 11p/kWh and a typical gas tariff of 2.9p/kWh during 2019, and DEFRA 2019 carbon factors of 

0.2556 kgCO2e for grid electricity and 0.18385 kgCO2e for natural gas, the total cost and carbon 
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emissions relative to the annual operational energy of the existing chiller systems is £230,368 and 

879 tonnes CO2e respectively.  

 

An alternative simplified chiller system 

Following on from the energy analysis of the installed system, it was possible, based on the 

knowledge and experience of the thesis author holding CIBSE Chartership in the field of building 

services engineering, to provide a high level conceptual design of an alternative simplified chiller 

system, and compare the anticipated energy consumption of this design, using simple engineering 

calculations, with the calculated analysis outcomes of the existing system. This exercise is intended 

to aid discussion of the two system designs, and enable conclusions to be drawn. 

 

The alternative system design includes adjustments within the system, such as components of a 

reduced capacity that better match the hospital cooling demand; this will inevitably provide better 

system performance and efficiency. The alternative chiller system will also be significantly simplified. 

Whilst the existing design incorporates separate chiller and heat rejection components that require 

significant pump power for heat rejection, the alterative system design incorporates both 

components into a single packaged chiller unit; this negates the need for adiabatic cooler pumps and 

many other system components. The simplified system is based on electric components only, 

incorporating ‘air-cooled’ electric chillers that will replace the less efficient absorption chillers. The 

capacity of the alternative chilled water system is based on the monitored cooling demand of 4.82 

GW for the 2019 calendar year, as illustrated in Table AC-2. 

 

The selected configuration therefore consists of two ‘air-cooled’ electric chillers, each having a rated 

cooling output of 600 kW, thus providing sufficient capacity to cover the peak summer demand of 

1.1 MW, in addition, a further electric chiller of 600 kW is incorporated to provide additional 

resilience during extreme weather periods (i.e. heat waves) and to provide N+1 redundancy in the 

event of chiller failure.  

 

This configuration enables a single 600 kW chiller to operate within its optimal performance 

capability to meet an annual average cooling demand of 551 kWh, average spring and autumn 

demands of 485 kWh and 524 kWh respectively, and an average winter demand of 187 kWh; 

requirements deduced from the analysis of 2019 site cooling demand data (Hein et al., 2021). The 

alternative system design is illustrated in Figure AC-4. 
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Figure AC-4. Conceptual design of alternative chilled water system – Source: Hein et al. 2021 
 

As seen from the Figure AC-4 all of the plant associated with the chiller system is located on the 

hospital roof. Two chiller pumps (component 4) incorporating 15kW motors and variable speed 

drives (VSD’s) circulate chilled water from the three electric chillers (components 1, 2 and 3) through 

the plate heat exchanger (PHE) and back to the chillers within a primary water loop. The PHE transfers 

‘cooling’ thermal energy generated by the chillers, from the primary to the secondary chilled water 

circuit, via conduction and convection principles, that is then distributed at a design flow 

temperature of 7°C throughout the hospital building. The secondary chilled water is circulated via 

three chilled water distribution pumps (component 5) fitted with 30kW motors and VSD’s. After 

absorbing heat from the hospital building, the chilled water returns to the PHE at a design 

temperature of 12.5°C, where it is again cooled to 7°C. The alternative chilled water system 

components 1 – 5 together with the capacity, and quantity of each unit, are shown in Table AC-3. 

 

Table AC-3. Alternative cooling system components with the capacity and quantity of each unit 
 

Component 
Reference 

Component Capacity Quantity 

1 Electric Chiller 1 600kW 1 
2 Electric Chiller 2 600kW 1 
3 Electric Chiller 3 600kW 1 
4 Chiller Pumps 15kW 2 
5 Chilled Water Pumps 30kW 3 
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The anticipated annual operational energy consumption of components within the alternative chiller 

system design are calculated based on component COP’s, site cooling demand profiles (Hein et al., 

2021) and pump motor frequencies from observation of the existing system. 

 

Annual Energy Calculation of the Electric Chillers (Components 1,2 and 3) 

The energy consumption of the alternative ‘all electric’ chiller system design is anticipated to be 

significantly less than that of the current, oversized, combination of electric and absorption chillers. 

The power consumption of the alternative chillers, would therefore, due to the higher COP of 4, 

require just 25% of the annual monitored cooling demand. The energy consumption calculation has 

therefore been based on 2019 cooling demand data taken from Table AC-2, and the COP of the 

electric chillers. 

 

𝐴𝑛𝑛𝑢𝑎𝑙	𝑃𝑜𝑤𝑒𝑟	𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 4,820,175	𝑘𝑊ℎ	 ∙ 	
25
100 = 𝟏, 𝟐𝟎𝟓, 𝟎𝟒𝟒	𝒌𝑾𝒉	 

 

Annual Energy Calculation of the Chiller Pumps (Component 4) 

The function of the chiller pumps is to circulate primary chilled water from the chillers through the 

PHE and back to the chillers. Given that there is no elevational pressure increase across the primary 

chilled water circuit, and based on data and information obtained from the existing system, it is 

anticipated that an alternative system will comfortably function on a single primary circulation pump 

driven by a 15kW motor, operating at winter and summer frequencies of 40Hz and 50Hz respectively. 

Predicted energy consumption of this pump during the spring and autumn seasons is assumed to be 

an average of the winter and summer seasonal demand. The second chiller pump incorporated 

within the alternative design is only intended to provide resilience should the main pump fail, 

providing  N+1 redundancy. 

 

 The following assumptions have therefore been applied: 

 

• The 15kW pump motors operate at 70% capacity, as design margins of 30% are typically 

applied (CIBSE, 2012b). 

• It is anticipated that during the winter months, a single pump motor will operate at a 

frequency of 40 Hz. 

• During the summer months, it is anticipated that a single pump motor will operate at a 

frequency of 50 Hz. 
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• During the six months of spring and autumn, the chiller pump energy demand is anticipated 

to be an average of the combined summer and winter consumption values. 

• For the purpose of calculation, all seasons are assumed to have equal time periods. 

 

Annual power consumption of the chiller pumps is estimated, as follows: 

 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚		𝑚𝑜𝑡𝑜𝑟	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑥	𝑘𝑊 = 15𝑘𝑊 

𝑃𝑢𝑚𝑝	𝑑𝑒𝑠𝑖𝑔𝑛	𝑚𝑎𝑟𝑔𝑖𝑛 = 30% = 0.3 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑝𝑜𝑤𝑒𝑟 = (1 − 0.3) 	 ∙ 𝑥	𝑘𝑊 = 0.7	 ∙ 15	𝑘𝑊 = 10.5	𝑘𝑊 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 50	𝐻𝑧 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟 = J
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑚𝑎𝑖𝑛𝑠	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦K
!

=	J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

 

 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 40	𝐻𝑧 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	(𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = 𝑦	𝐻𝑧 = 50	𝐻𝑧 

 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
40	𝐻𝑧
50	𝐻𝑧K

!

= 0.512 

𝐿𝑜𝑎𝑑	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑆𝑢𝑚𝑚𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑) = J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

=	J
50	𝐻𝑧
50	𝐻𝑧K

!

= 1 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑊𝑖𝑛𝑡𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
40	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 0.512 ∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 11,773	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑) = 		 J
𝑦	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 	𝑥	𝑘𝑊 ∙ J
8760
4 ℎ𝑟𝑠K	 

= J
50	𝐻𝑧
50	𝐻𝑧K

!

∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	ℎ𝑟𝑠 = 1 ∙ 0.7 ∙ 15	𝑘𝑊 ∙ 2190	𝐻𝑟𝑠 = 22,995	𝑘𝑊ℎ	 

𝑃𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑆𝑝𝑟𝑖𝑛𝑔	𝑎𝑛𝑑	𝐴𝑢𝑡𝑢𝑚𝑛) =
𝑊𝑖𝑛𝑡𝑒𝑟	𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑆𝑢𝑚𝑚𝑒𝑟	𝐷𝑒𝑚𝑎𝑛𝑑

2 	 ∙ 2

= 11,773 + 22,995 = 34,768	𝑘𝑊ℎ	 

𝐴𝑛𝑛𝑢𝑎𝑙	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑆𝑢𝑚	𝑜𝑓	𝑎𝑙𝑙	𝑓𝑜𝑢𝑟	𝑠𝑒𝑎𝑠𝑜𝑛𝑠 = 11,773 + 22,995 + 34,768

= 𝟔𝟗, 𝟓𝟑𝟔	𝒌𝑾𝒉 

 

Annual Energy Calculation of the Chilled Water Pumps (Component 5) 

When considering the design of the alternative system, it is assumed that the demand on the chilled 

water distribution pumps remain the same as that of the currently installed system. These pumps 

circulate chilled water from the PHE to the hospital building and back to the PHE, therefore, 

regardless of size of the primary plant (i.e. the chillers and primary pumps) energy consumed by 
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secondary distribution system via the chilled water pumps, will remain the same for the alternative 

chiller system, as it is in the existing system setup. Therefore, referring back to calculations 

undertaken to establish the energy consumption of component 7 of the existing system Table AC-2 

and Figures AC-1 and AC-2, the anticipated annual energy consumed across all four seasons by 

component 5 of the alternative system, is as follows: 

  

𝐴𝑛𝑛𝑢𝑎𝑙	𝑝𝑜𝑤𝑒𝑟	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑆𝑢𝑚	𝑜𝑓	𝑎𝑙𝑙	𝑓𝑜𝑢𝑟	𝑠𝑒𝑎𝑠𝑜𝑛𝑠 = 5,680 + 79,517 + 85,197

= 𝟏𝟕𝟎, 𝟑𝟗𝟒	𝒌𝑾𝒉 

 

Figure AC-5 sets out the total anticipated annual energy consumption of key components associated 

with the alternative chilled water system design. 

 

 
Figure AC-5. Annual energy consumption of key components – alternative chiller system 

 

Based on a typical 2019 hospital electricity tariff of 11p/kWh and a DEFRA 2019 carbon factor for grid 

electricity of 0.2556 kgCO2e, the total cost and carbon emissions relative to the annual operational 

energy of the alternative chiller system is £158,947 and 369 tonnes CO2e respectively. 
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