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ABSTRACT 

This paper presents a multi-scale framework for the design and comparison of centralised and distributed 

heat generation solutions. An extensive analysis of commercially available products on the UK market is 

conducted to gather information on the performance and cost of a range of gas-fired combined heat and 

power (CHP) systems, air-source heat pumps (ASHPs) and ground-source heat pumps (GSHPs). Data-

driven models with associated uncertainty bounds are derived from the collected data, which capture cost 

and performance variations with scale (i.e., size and rating) and operating conditions. In addition, a 

comprehensive thermoeconomic (thermodynamic and component-costing) heat pump model, validated 

against manufacturer data, is developed to capture design-related performance and cost variations, thus 

reducing technology-related model uncertainties. The novelty of this paper lies in the use of multi-fidelity 

approaches for the comparison of the economic and environmental potential of important heat-generation 

solutions: (i) centralised gas-fired CHP systems associated with district heating network; (ii) gas-fired 

CHP systems or GSHPs providing heat to differentiated energy communities; and (iii) small-scale micro-

CHP systems, ASHPs or GSHPs, installed at the household level. The pathways are evaluated for the 

case of the Isle of Dogs district in London, UK. A centralised CHP system appears as the most profitable 

option, achieving annual savings of £13M compared to the use of decentralised boilers and a levelised 

cost of heat equal to 31 £/MWhth. However, if the carbon intensity of the electrical grid continues to reduce 

at current rates, CHP systems will only provide minimal carbon savings compared to boilers (<6%), with 

heat pumps achieving significant heat decarbonisation (55-62%). Differentiating between high- and low-

specification and cost heat pump designs shows that the former, although 25% more expensive, have 

significantly lower annualised costs (£4.9M vs. £7.7M) and 12% higher CO2-equivalent savings. The 

uncertainty propagation reveals that data-driven and detailed thermoeconomic models can reduce the 

uncertainty in the total annualised energy cost and emissions by more than 75% compared to simplified 

black-box approaches, while the economic comparison of centralised CHP systems and domestic heat 

pumps for various electricity and gas price scenarios provides guidance to support energy policy. 

Keywords: combined heat and power, cogeneration, distributed energy, district heating, heat 

pumps, heating, urban energy systems. 
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Nomenclature 

Abbreviations 

ASHP air-source heat pump  
CAPEX capital expenses 

CEPCI chemical engineering plant cost 
index 

CCC Committee on Climate Change 
CHP combined heat and power 
COP coefficient of performance 
DECC Department of Energy & Climate 

Change 
DH district heating 
GLUD generalised land use database 
GSHP ground-source heat pump 
GWP global warming potential 
HEX heat exchanger 
ICE internal combustion engine 
KPI key performance indicator 
LCOH levelised cost of heat 
LMTD log-mean temperature difference 
MSOA middle-layer super output area 
PBT payback period 
PPTD pinch-point temperature difference 

Greek symbols 

α heat transfer coefficient (Wm-2K-1) 

Δ difference (-) 
ε relative uncertainty or variability (-) 

𝜂 efficiency (-) 

𝜆 thermal conductivity (Wm-1K-1) 
ρ density (kgm-3) 

Symbols 

𝐴 area (m2) 

𝐶 cost (£) 

𝑐p  specific heat capacity (Jkg-1K-1) 

𝐷 diameter (m) 

𝔇 demand (W) 

𝑑 degree (K) 

𝐸 energy (J, Wh) 

ℰ carbon emissions (kgCO2(eq)) 

ℎ specific enthalpy (Jkg-1K-1) 

𝑘CF carbon factor (kgCO2(eq)Wh-1)  

𝑘OM operation & maintenance factor (%) 

𝑙 length (m) 

𝑚̇ mass flow rate (kgs-1) 

𝑁 number of units (-) 

Nu Nusselt number (-) 

𝑃 price (£/Wh) 

Pr Prandtl number (-) 

PL part load (-) 

𝑄̇ heat flow (W) 

𝑅 revenue (£) 

Re Reynolds number (-) 

𝑟d discount rate (%) 

𝑇  temperature (K) 

𝑡 time (h) 

𝑈 overall heat transfer coefficient 
(W/m-2K-1) 

𝑢 absolute uncertainty or variability (-) 

𝑉 volume (m3) 

𝑉̇ volume flow rate (m3s-1) 

𝑣 velocity (ms-1) 

𝑊̇ power (W) 

𝑥 wall thickness (m) 

Subscripts 

ann annual 
boil boiler 
cap capital  
cb convective boiling 
comp  compressor 
cond condenser 
cyl cylinder 
des design point 
EE exported electricity 
el electricity 
evap evaporator 
flow flow in supply pipe 
gas natural gas 
h heat 
i increment 
in  inlet/input 
inner side of working fluid 
is isentropic 
j technology 
loss loss to surroundings 
max maximum 
min minimum 
nb nucleate boiling 
op operational 
out outlet/output 
outer side of source/sink stream 
PE purchased electricity 
p peak 
pipe district heating pipe 
pr production 
r ratio 
return flow in return pipe 
sav savings 
sc  subcooling 
sh superheating 
sink  heat sink 
src heat source 
t hour 
th thermal 
tot total 
w water 
wf working fluid 
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1. Introduction 

The UK has now passed laws aiming for net-zero greenhouse gas emissions by 2050 [2]. Unlike the 

recent advancements in renewable electricity generation with photovoltaics and wind generation 

experiencing increasing growth [3], emissions from space heating and hot water in residential and 

commercial sectors still account for as high as 83% of the total country’s heating emissions [4]. Heat 

accounts for 44% of the country’s energy consumption [5], demonstrating the urgency for redefining 

how heat is generated and delivered to consumers. 

Meeting the world’s increasing demand for heat and the associated wide-ranging and diverse 

challenges requires exploiting current and future energy resources in the most efficient, cost-

effective and sustainable way possible. While heat and electricity networks had been traditionally 

relying on fossil fuels, burning coal, oil and gas, the energy mix is changing [6] and is highly 

influenced by climate change [7]. Identifying optimal decarbonisation pathways requires simulations 

that can capture trade-offs across multiple scales: from those between different ways of transporting 

energy to the those between possible technology options, components and operation strategies. 

Capturing the complex interactions between different technology choices and design options is 

necessary so that all stakeholders (system operators, component manufacturers, investors, end 

users) appreciate the optimal characteristics of the future energy infrastructure. 

In energy-system modelling, the main aim is to analyse and compare different decarbonisation 

pathways that an area or country should follow to achieve their economic and environmental 

objectives. The study of possible low-carbon heat provision pathways is receiving increasing 

attention recently. Combusting gas in boilers is exergetically wasteful and the UK government has 

identified a range of low-carbon alternatives, including combined heat and power (CHP) 

technologies, heat pumps, solar heating, biomass boilers and hydrogen boilers [8]. These can be 

either installed centrally at large scales and be accompanied by district heating (DH) networks or in 

micro-units at the household level. To evaluate the different alternatives and analyse carbon 

budgets, the Department of Energy & Climate Change (DECC)  and the Committee on Climate 

Change (CCC) make use of cost-optimising models like the UK MARKAL model [9,10] or the 

Integrated Whole-Energy System (IWES) model [11], which are technology-rich, linear-programming 

models portraying the entire energy system. Such models support system-wide policies and provide 

recommendations on how to invest in low-carbon heating technologies. The IWES model has been 

used to provide, along with the CCC, an assessment of the possible pathways to decarbonise heat: 

electric, hydrogen or a combination of both [11]. In the sensitivity analysis of that report, it was shown 

that slight changes in cost and performance assumptions of technologies and networks can result to 

different suggested pathways, concluding that no pathway can be excluded and that “the focus of 

any action should be to address uncertainties”. 

The combination of multiscale, multi-component and multi-process technologies in modelling efforts 

is complex, with challenges regarding issues of space, time, technology interactions and human 

behaviour being growing [12]. Many energy-system models focus on the effects of temporal and 

spatial resolution [13,14], while others capture aspects like human-decision making [15]. The model 

of Samsatli et al. [13, 14] is set around the availability of primary resources and simultaneously 

considers all possible energy vectors (e.g., syngas, hydrogen, electricity), capturing short-term and 

long-term operation planning, while the MUSE [15] is an agent-driven model not aiming to capture 

the system dynamics, but to include another interesting aspect: each agent (individual) bases their 

investment decision on their own goals and preferred strategy. Furthermore, the Electricity Systems 

Optimisation (ESO) model [16], which was expanded to include endogenous technology cost 

reductions [17], demonstrates how the availability of low-carbon technologies can have an impact 

on the capacity mix of technologies of the near future. 
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Different energy-system models have their own strengths and they all convey important messages. 

However, all such models share a similar limitation: the cost and performance of competing 

technologies, especially with respect to heating, are represented by single values [11,13,14], or, in 

the best case, with the use of low-fidelity black-box models that rely on simple input-output mappings 

[15–17]. Such simplified technology-agnostic models cannot capture the dependence of the cost and 

performance of technologies on the size, component design and varying operating conditions (off-

design or part-load). Therefore, the use of reduced-order models is associated with large 

uncertainties (i.e., performance and cost variability), making it difficult to identify low-cost pathways 

reliably, and to provide manufacturers with insight into how to design technologies (e.g., select 

materials and components) that are optimal in meeting economic and environmental objectives. 

Heat is a particularly difficult energy vector to decarbonise. Internal combustion engine (ICE) CHP 

technologies and heat pumps have a large role to play in the venture for decarbonisation of heat 

[18–20]. The electrical and thermal efficiencies of ICE-CHP systems change significantly with 

scale [19] and part-load operation [21], while the specific cost drops drastically with scale. At the 

same time, heat pumps can involve different heat sources (e.g., air and ground), while the choice of 

working fluid and the design of components (compressor, heat exchangers) largely affect cost and 

performance [20], which explains the large variety of designs and prices.  

While the majority of electricity generation is based on centralised power plants, the employment of 

central heat-generation units and heat networks is very limited in the UK.  In particular, CHP engines 

contribute to only about 15% of the heat supplied by DH networks [22]. The latter show significant 

potential in high energy-density areas [23]. Detailed pipe-network design and costing has been 

explored in the work of Pirouti et al. [24], while the work of Delangle et al. [25] presents a comparison 

of centralised CHP engines, water-source heat pumps, gas boilers and biomass boilers. Although 

the existing literature has explored various DH network design methodologies, low effort is being 

devoted to capturing the multi-process characteristics of the candidate technologies. 

In light of the fact that small changes in technology-related assumptions lead to the proposal of very 

different decarbonisation pathways by whole-energy system models, the novelty of this paper lies in 

the use of multi-fidelity approaches for the comparison of the economic and environmental potential of 

possible heat-generation solutions. Three main contributions are made relative to previous efforts in 

the literature. Firstly, the work presents surrogate technoeconomic models that have been developed 

to capture the main variations (spread) in the performance and cost of existing ICE-CHP engines, air-

source heat pumps (ASHPs) and ground-source heat pumps (GSHPs) at different scales/sizes and 

operating conditions. This is performed through an extensive analysis of commercially available 

products on the UK market, and involves collecting data for the cost and performance of CHP systems 

and heat pumps of various ratings from different UK manufacturers. Fitting techniques are used to 

determine relationships arising from the collected data, infer values for which data is not available and 

quantify the related uncertainty (i.e., variability) in technology characteristics between the data and 

fitted relationships. These data-driven models provide useful information to energy-system modellers 

in their efforts to reduce simulation uncertainties and to suggest reliable system-wide strategies. The 

range in different heat-pump designs and prices found on the market is substantial, and this gives rise 

to a significant spread in the data, especially with respect to ASHP costs. Therefore, a thermoeconomic 

(thermodynamic and component-costing) vapour-compression ASHP model is developed to capture 

the major design-related performance and cost variations, thus reducing ASHP model uncertainties.  

The second contribution of this work lies in the utilisation of the developed data-driven models to assess 

the economic and environmental performance of three heat decarbonisation pathways: (i) centralised 

large-scale generation accompanied by DH networks; (ii) medium-scale generation for differentiated 

energy communities; and (iii) decentralised, domestic-scale generation. This work includes spatially 

lumped modelling of the DH network. The trade-offs between centralised and distributed options are 
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examined using heating demand profiles, electricity price profiles and building data for a highly populated 

UK district, the Isle of Dogs in East London, and the use of technoeconomic models allows to choose 

optimal technology sizes and, in the case of ASHP, compare different possible designs. 

Thirdly, an uncertainty propagation analysis is applied for the first time within a technology comparison 

analysis to demonstrate the significance of accounting for technology-related performance and cost 

variations. This is done by comparing the uncertainty in the resulting cost and emission predictions 

when using black-box, data-driven and detailed thermoeconomic (thermodynamic and component-

cost) models, the latter in the case of ASHPs which are shown to exhibit the largest spread in 

performance and cost characteristics from the analysis of commercial products, in all cases arising 

from the variability and resulting deviations between actual data and model predictions. 

Section 2 describes the main heat decarbonisation pathways and presents the developed data-

driven and thermodynamic models, quantifying the associated uncertainty. A comparison of the 

pathways and the effect of uncertainty propagation are presented in Section 3, which also discusses 

the effect of gas and electricity prices in the pathway choice. Section 4 provides concluding remarks.  

2. Methodology 

The decarbonisation pathways considered in this paper are distinguished into three main categories, 

as shown in Fig. 1: (i) centralised generation through ICE-CHP systems and associated DH network; 

(ii) medium-scale generation through ICE-CHP systems or GSHPs  for differentiated energy 

communities; and (iii) small-scale generation integrated in each home, through micro-CHP engines, 

small-scale ASHPs or GSHPs. In the first pathway, centralised large-scale CHP systems convert 

natural gas to heat and electricity, and DH networks transport heat to individual households. The 

second pathway involves local energy communities (groups of people living together, which can be as 

low as 20-30 inhabitants [26]) that produce heat locally and are able to function in islanded mode. DH 

networks are still required in the second pathway; however, the pipe sizing/length and costs/heat 

losses are different. In the third pathway, no DH network is required.  

Although a complete analysis of heat decarbonisation options should also include other heat provision 

options, including other heat-pump types (e.g., water-source, gas-driven, solar-assisted), as well as 

hydrogen boilers, fuel-cell cogeneration, solar thermal and hybrid photovoltaic-thermal collectors and 

biomethane, the intention here is not to provide a complete answer to the heat decarbonisation problem,  

but to consider the influence of model fidelity and to demonstrate how technoeconomic models of varying 

detail (data-driven, thermoeconomic) can be used to capture realistic technology characteristics, the 

uncertainties associated with different fidelity models, and how these uncertainties can propagate 

through wider energy-system models. Therefore, the framework developed and presented here does not 

describe a whole-energy system or provide an optimised strategic decarbonisation plan. However, it 

allows for an informed comparison of the (currently) most common heating technologies and options, 

and provides useful insights to energy-system modellers for quantifying and, where necessary, reducing 

simulation uncertainties in order to draw more reliable conclusions. Furthermore, certain technologies 

(e.g., water-source or solar-assisted heat pumps) involve geographical constraints, which makes them 

more strongly subject to local conditions and less transferable to other regions and scenarios. This work 

focuses on the most common technologies that can be readily transferred across different regions. 

The rest of this section describes how the economic and environmental performance of each option 

are evaluated and presents how technoeconomic models (data-driven and thermoeconomic) can 

capture realistic technology characteristics. 
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Figure 1.  Schematic representation of pathways under investigation for the provision of heat. Centralised 

systems or systems installed at energy-community level require DH networks. CHP systems use natural gas 

to provide heat and electricity, while heat pumps use electricity to provide heat.  

2.1. Description of pathways  

In this work, each of the pathways is considered independently and the different centralised and 

distributed options are compared with respect to a set of key performance indicators (KPIs). Using 

data from the analysis of commercially available products on the UK market, a non-linear 

optimisation problem is developed to obtain the optimal size of the technology considered in each 

pathway. All optimisation problems are solved using MATLAB’s interior point algorithm fmincon [27]. 

The model uses an hourly discretisation and an observed horizon of one year. It is assumed that the 

current production units are decentralised boilers. Natural gas is assumed to be imported at a 

specified fixed cost, while electricity can be exchanged with the grid using hourly importing and 

exporting prices. The carbon footprint of natural gas and hourly data for the carbon footprint of 

electricity are used to calculate carbon emission savings. The heat demand must always be met and 

the heat output of generation systems is never allowed to exceed demand, such that heat is never 

wasted. This is expressed using the heat balance equation: 

𝑄̇𝔇 + 𝑄̇DH,loss = ∑ 𝑄̇pr,𝑗

𝑗

 , (1) 

where 𝑄̇𝔇 is the heat demand; 𝑄̇DH,loss the constant DH network heat loss rate; and 𝑄̇pr,𝑗 the rate of 

heat production of each technology 𝑗. 

2.1.1. Backup technologies and storage 

In all pathways, backup technologies are included in the analysis to provide additional heat when 

required. These are sized according to: 
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𝑄̇𝔇,peak + 𝑄̇DH,loss = ∑ 𝑁𝑗𝑄̇pr,max,𝑗

𝑗

 , (2) 

where 𝑄̇𝔇,peak is the peak thermal demand; 𝑄̇pr,max,𝑗 and 𝑁𝑗 are the nominal thermal capacity and 

the number of units of each technology 𝑗, respectively. 

Gas boilers are the backup technology for CHP systems. Whenever demand exceeds the maximum 

capacity of the CHP system, or whenever it falls below the minimum part-load level 𝑄̇pr,min,𝑗, the 

system is switched off and demand is met by the backup boilers. For each hour 𝑡: 

𝑄̇pr,𝑗,𝑡 < 𝑄̇pr,min,𝑗 . (3) 

It is noted that there are wider costs, beyond and in addition to those associated with the installation 

of the heat-generating technology, which arise from the installation of alternative heating systems as 

replacements to existing systems [28], primarily due to thermal storage. Although detailed sizing, 

design and optimised operation (charging and discharging) of thermal stores is out of the scope of 

this present study, an additional cost is included to account for a hot-water store that is sized so that 

heating system can cover the peak demand for heat over a period of 1 hour. 

In more detail, in the case of transitioning from the current heating scenario to a centralised heating 

system, large-scale hot water cylinders and backup boilers would be needed, whose installation 

would involve added costs, along with the cost of installing the district heating network infrastructure. 

These costs would be incurred independent of the centralised heat-generating technology. 

Similarly, retrofitting a domestic central-heating system with a gas-fired boiler by installing a domestic 

heat pump would require the end-user to install a heat-pump compatible hot-water cylinder. 

Conventional hot water cylinders experience significant problems when integrated with heat pumps, 

due to the fact that heat pumps operate at lower temperatures than boilers and thus require larger heat 

exchanger coils [29, 30]. Therefore, heat decarbonisation pathways featuring heat pumps should 

incorporate the requirement for specific compatible hot water cylinders, which have larger heat 

exchanger coils than a conventional cylinder manufactured and installed in domestic central-heating 

systems. Most commercial hot water cylinders which are specifically designed to be integrated with 

heat pumps also include a small electric immersion heater, which can act as a backup technology, 

switching on whenever the heat pump is unable to provide all the heating demand. 

On the other hand, the installation of domestic CHP systems would not incur additional costs for 

storage, since we consider that these systems can still use the existing hot-water stores, which are 

compatible with micro-CHP systems. It is therefore assumed here that in the case that these 

households are equipped with micro-CHP systems, the existing central-heating systems can be used 

for backup and storage purposes, therefore no additional technologies should be acquired, and no 

additional costs arise. These costs are detailed in Section 2.1.3. 

2.1.2. District heating 

Centralised technology options benefit from economies of scale and enhanced performance. 

However, associated DH networks involve significant costs. Calculating the cost and thermal loss of 

the network requires knowledge of the network length, as well as an estimate of the volumetric 

flowrate and thus of the required pipe diameter. In this paper, the required length is assumed equal 

to the sum of: (i) the length of roads in the area of consideration, calculated using the Generalised 

Land Use Database (GLUD) [31], which provides road lengths for different areas of the UK; and (ii) 

an additional service pipe length depending on the type of dwelling [32]. The design volumetric 

flowrate 𝑉̇DH,des is determined based on the peak heat demand of the year: 
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𝑉̇DH,des =
𝑄̇DH,des

𝜌w𝑐p,w(𝑇DH,flow − 𝑇DH,return)
  , (4) 

where, for the design point denoted with the subscript des, 𝑄̇DH,des is the peak DH network heat 

demand. 𝑇DH,flow and 𝑇DH,return  are the DH network flow and return temperature, respectively. The 

water density, 𝜌w, and specific heat capacity, 𝑐p,w, are calculated at the mean bulk temperature (i.e., 

the average between the flow and return temperatures). The velocity of water through the network 

pipe 𝑣DH depends on the pipe diameter 𝐷pipe: 

𝑣D𝐻,des =
4𝑉̇DH,des

𝜋𝐷pipe
2  . (5) 

The maximum allowable flow velocity in the network, 𝑣DH,max, is a function of the pipe diameter 𝐷pipe, 

as demonstrated by Delangle et al. [25]. A simple optimisation problem is solved to obtain the 

minimum diameter that satisfies the maximum velocity constraint: 

min {𝐷pipe} , (6) 

subject to: 

𝑣D𝐻,des <  𝑣DH,max . (7) 

The total installation cost for the DH network, 𝐶DH, is calculated using:  

𝐶DH = (𝑎DH,cost𝐷pipe + 𝛽DH,cost) 𝑙DH , (8) 

where 𝑙DH is the DH network length and 𝑎DH,cost and 𝛽DH,cost are constants for the estimated cost per 

m as obtained from the collected cost data. Similarly, the DH network loss, 𝑄̇DH,loss, is obtained from: 

𝑄̇DH,loss = (𝑎DH,loss𝐷pipe + 𝛽DH,loss) 𝑙DH , (9) 

where 𝑎DH,loss and 𝛽DH,loss  are constants for the estimated heat loss per metre as obtained from the 

collected data. Since the loss from the pipes raises the peak heat demand, the process described 

by Eqs. (4)-(9) is solved iteratively. 

2.1.3. Evaluation of pathway cost and environmental indicators 

The objective function to be minimised is the total annualised energy cost, 𝐶tot,ann, which includes 

all annualised capital expenditures (CAPEX) 𝐶cap,ann and operating expenses (OPEX) 𝐶op,ann of 

installed technology and network; the annual cost of importing electricity, 𝐶el,ann; the annual revenue 

from exporting electricity, 𝑅el,ann; the annual cost of importing gas, 𝐶gas,ann; and the savings acquired 

from not using the current production unit, 𝑅h,ann: 

𝐶tot,ann = 𝐶cap,ann + 𝐶op,ann + 𝐶gas,ann + 𝐶el,ann − 𝑅el,ann − 𝑅h,ann . (10) 

The annualised total investment cost, 𝐶cap,ann, is calculated using:  

𝐶cap,ann = 𝐶cap

𝑟d

(1 + 𝑟d)(1 − (1 + 𝑟d)−𝑡LT
 , (11) 

where 𝑟d is the discount rate, 𝑡LT is the lifetime of the installed equipment, and 𝐶cap  is defined as: 
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𝐶cap = ∑ 𝐶𝑗𝑄̇pr,max,𝑗𝑁𝑗

𝑗

+ 𝐶DH , (12) 

where 𝐶𝑗 represents the specific investment cost of each technology 𝑗; and 𝐶DH is the DH network 

investment cost (if present in the investigated scenario). 

The annual operation and maintenance cost, 𝐶op,ann, is calculated as: 

𝐶op,ann = ∑ 𝑘OM,𝑗𝐶𝑗𝑄̇pr,max,𝑗𝑁𝑗

𝑗

+ 𝑘OM,DH𝐶DH , (13) 

where 𝑘OM,𝑗 and 𝑘OM,DH represent the operation and maintenance cost of each technology and the 

DH network as fractions of their investment costs, respectively. 

The cost of importing natural gas, the cost of importing electricity and the revenue from exporting 

electricity are represented by Eqs. (14)-(16), respectively: 

𝐶gas,ann = 𝑃gas ∫ 𝐸gas 
 d𝑡

year

 , (14) 

𝐶el,ann = ∫ 𝑃PE𝐸PE  d𝑡
year

 , (15) 

𝑅el,ann = ∫ 𝑃EE𝐸EE  d𝑡
year

 , (16) 

where 𝑃gas is the natural gas price (constant through the year); 𝐸gas the time-resolved gas consumption; 

𝑃PE and 𝑃EE are the time-resolved prices of purchasing and exporting electricity, respectively; and 𝐸PE 

and 𝐸EE the time-resolved amounts of electricity purchased and exported, respectively. 

The savings acquired from not using the current production (natural gas boiler) are equal to: 

𝑅h,ann =
𝑃gas 

𝜂boil

∫ 𝑄̇pr,𝑗  d𝑡
year

 , (17) 

where 𝜂boil represents boiler efficiency. 

For each pathway, the levelised cost of heat (LCOH), 𝐶LCOH, is defined as the ratio of the annualised 

cost of producing heat to the annual heat production: 

𝐶LCOH =
𝐶cap,ann + 𝐶op,ann + 𝐶gas,ann + 𝐶el,ann − 𝑅el,ann 

∫ 𝑄̇𝔇 d𝑡
year

 . (18) 

The annual savings, 𝐶sav,ann, are determined using: 

𝐶sav,ann = 𝑅el,ann + 𝑅h,ann − 𝐶op,ann − 𝐶gas,ann − 𝐶el,ann . (19) 

The payback time, 𝑡PBT, is also calculated using: 

𝑡PBT =
𝐶cap,ann

𝑅el,ann + 𝑅h,ann − 𝐶op,ann + 𝐶gas,ann + 𝐶el,ann
 . (20) 

The CO2-equivalent emissions, ℰCO2
, of each pathway are determined using: 
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ℰCO2
= 𝑘CF,gas𝐸gas + ∫ 𝑘CF,grid(𝑊̇grid,imp − 𝑊̇grid,exp)

year

d𝑡 , (21) 

where 𝑘CF,gas is the carbon footprint factor of natural gas; 𝑘CF,grid the hourly carbon footprint factor of 

electricity; and (𝑊̇grid,imp − 𝑊̇grid,exp) the power exchanged with the grid. The CO2-equivalent savings, 

ℰsav,CO2
, compared to the case in which all demand is met by natural gas boilers, thus equal: 

ℰsav,CO2
=

𝑘CF,gas

𝜂boil
∫ 𝑄̇𝔇 d𝑡

year

− ℰCO2
 . (22) 

2.2. Technoeconomic models 

This section presents an analysis of the data collected for commercially available CHP systems, heat 

pumps, heat-pump compatible hot water cylinders and district heating pipes on the UK market. 

2.2.1. Data-driven models from analysis of commercially available products on the UK market 

A CHP system is made of two main components: the prime mover, which is connected to a generator 

to produce electricity, and the heat recovery module, which collects waste heat and transfers it to 

water for hot water or space heating purposes. Recovering heat from the exhaust gases and jacket 

water of ICEs is the most-studied option [33,34] for electricity and heat cogeneration. The electricity 

generated from CHP systems can be used to either meet electrical demand or can be sold back to 

the grid, producing revenues. Due to the high total efficiency of CHP systems (>85%), reductions in 

CO2-equivalent emissions can be expected compared to boiler-only systems. The cost effectiveness 

of such systems is dependent on the relative price of gas and electricity. In the UK, where the price 

of electricity is high, CHP systems show significant savings potential [35]. In order to account for the 

variation of electrical and thermal efficiencies of ICE-CHP systems for different sizes and part-load 

conditions, information has been collected from more than 15 UK suppliers of more than 150 ICE-

CHP units, ranging from small (1 kWe) to large scale (8 MWe). 

Emission reductions are shown to be very high when heat pumps are integrated in the UK heating 

network [36]. In their simplest form, heat pumps are made of four main components: an evaporator, 

a compressor, a condenser, and an expansion valve. Their performance is measured through the 

coefficient of performance (COP), which is the ratio between the heat output and the power input. 

The smaller the temperature difference between the heat source and the heat sink, the higher the 

COP. Due to its low thermal diffusivity, the ground temperature temporal profile throughout the year 

is more stable than that of the atmospheric air, which is the main reason why GSHPs exhibit higher 

efficiencies than ASHPs during winter, when heat demand is high. Furthermore, ASHPs often suffer 

from ice build-up, which requires defrost cycles and therefore additional electricity consumption [37]. 

In domestic applications, it is necessary that hot water is stored at a minimum temperature of 55 °C, 

so that the build-up of harmful bacteria is prevented [38]. The characteristics of more than 200 

currently advertised ASHPs and GSHPs have been recorded from more than 20 UK suppliers.  

Approximate costs and heat loss estimations were also collected for DH network pipes, as well as 

heat-pump compatible small and medium-scale hot water cylinders. 

The information gathered is used to develop data-driven models. KPIs are correlated against 

technology-specific parameters (e.g., size, heating duty/rating) and operating conditions (e.g., 

atmospheric air temperature), when available. This allows us not only to capture the cost and 

performance variability, but also to quantify the uncertainty associated with each indicator, and 

determine how it propagates through the pathway identification. The indicators thus obtained are 

reported with 95% confidence intervals, computed from statistical analysis [39]. 
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2.2.1.1. Internal combustion engine CHP systems 

The electrical and thermal efficiencies of different ICE-CHP systems commercially available in the 

UK are displayed as functions of size and part-load level in Fig. 2. The larger the prime mover of the 

CHP engine, the higher the electrical efficiency. However, this comes with a simultaneous decrease 

in thermal efficiency. In part-load operation, the electrical efficiency drops, driving thermal efficiency 

up. Data have been recorded for a large range of sizes (from 1 kWe to 8 MWe). Electrical efficiencies 

vary from about 25% for very small systems (1 kWe) to over 42% for large systems (3-8 MWe). As a 

result, thermal efficiencies for small systems are as high as 60-70%, while they drop down to less 

than 50% for large systems. Electrical efficiencies decrease by about 5% when the CHP engines 

operate at half of the intended capacity, with an equivalent 5% increase in thermal efficiency. 

All manufacturer data for CHP engine performance corresponds to just three part-load levels: 50%, 

75% and 100%. In order to estimate the average performance between these three levels, two 

simple two-layer feed-forward neural network fits are developed, also shown in Fig. 2. The networks 

are trained using the Levenberg-Marquardt back-propagation algorithm [40] and 10 hidden neurons, 

while 70% of the data points are used for training,15% for model validation and 15% for testing.  

  

Figure 2.  Efficiency of commercially available ICE-CHP systems in the UK as a function of system size and 

part-load level: (a) electrical efficiency; and (b) thermal efficiency. The plotted data points are extracted from 

more than 150 manufacturer datasheets and the surfaces represent neural network fits through the data.  

The specific cost of CHP systems drops drastically with size. Figure 3 shows the cost and specific 

cost as a function of size, for sizes up to 800 kWe. 
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Figure 3.  The cost (k£) and specific cost (£/kWe) of commercially available ICE-CHP systems in the UK as 

function of system size. Fitted curve and upper/lower prediction bounds appear in red.  

2.2.1.2. Air-source and ground-source heat pump systems 

The analysis of commercially available ASHPs and GSHPs on the UK market shows that, for the vast 

majority of residential and commercial applications, single-stage compressors are used to power the 

vapour compression cycle, using, in more than 80% of the cases, R410a as a working fluid. The latter 

fluid works at relatively high pressure and is suitable for low-temperature applications, even though it 

exhibits a high global warming potential (GWP) index, equal to 2088. In recent years, however, many 

manufacturers tend towards the use of R32, which shows promising performance [41] and has a much 

lower GWP index of 675 [42]. For GSHPs, both the condenser and the evaporator are brazed-plate 

heat exchangers (HEXs), while in ASHPs, a plate-fin HEX is used at the air-refrigerant side.  

Figure 4 presents the cost and specific cost for different ASHP and GSHP units, as obtained from 

manufacturers. Unlike the heat pump unit cost, the COP does not change significantly with size for 

small heat-pump systems and is therefore taken be the same at all considered sizes in this work. On 

the other hand, the COP of small-size (<10 kWth) ASHP and GSHP units does vary as function of 

the heat-source (air or ground) temperature, as shown in this figure for a fixed heat-sink temperature 

(55 °C). All data correspond to monobloc units (single outside units). From the data, it is clear that 

the cost and COP of ASHPs both show significant variations when comparing values from different 

manufacturers. For example, the cost of a 7-kWth ASHP ranges between £2000 and £4000, while 

units of a similar size demonstrate significantly different COP performance. 
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Figure 4. Analysis of commercially available heat pumps on the UK market: (a) cost and specific cost of ASHPs 

as function of size (rated heat output); (b) COP of ASHPs as function of air temperature; (c) cost and specific 

cost of GSHPs as function of size (rated heat output); and (d) COP of GSHPs as function of ground temperature. 

COP-temperature relationships correspond to small sizes (<10 kWth) and a heat sink temperature of 55 °C. Fitted 

curves and upper/lower prediction bounds appear in red. All data represents monobloc units.  

Figure 5 presents the cost and specific cost for small hot water cylinders specifically designed to be 

integrated with heat pumps. The cost of these units is much higher than typical cylinders and 

therefore cannot be neglected. An electric heater of about 3-9 kWth is usually incorporated in the 

cylinder, and if not, this can be usually added at a small cost of about £100 [43]).  

(a)

(c)

(b)

(d)
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Figure 5. Cost and specific cost of commercially available domestic hot water cylinders as function of size 

(cylinder volume). Fitted curves and upper/lower prediction bounds appear in red. 

2.2.1.3. District heating cost and heat loss  

Figure 6 presents the specific cost and heat loss (per unit of pipe length) as functions of the pipe 

diameter. The cost data involve three different DH projects and are obtained from Ref. [44], while 

heat loss data are adopted from Ref. [45].  

 

Figure 6. Analysis of data collected for district heating pipes in the UK: (a) specific cost per unit of pipe length; 

and (b) heat loss per unit of pipe length, as functions of pipe diameter. Data for cost and heat loss acquired 

from Refs. [44] and [45], respectively. 

2.2.1.4. Uncertainty quantification 

Table 1 presents a summary of the fits plotted in Section 2 and a quantification of the uncertainty 

associated to each of the quantities. 

(a) (b)



 

 

15 

Table 1. Models, ranges and uncertainty measures for cost and performance data of CHP systems and heat pumps. 

Quantity Model Range 
Absolute 

uncertainty* 

Relative 

uncertainty* 

CHP systems     

Electrical efficiency (%) of 

CHP engine as function of 

part-load level (%) and 

size (kWe) 

Neural network 
𝑊̇el,CHP < 8 MWe 

50% < PL < 100% 

𝑢𝜂el
 = 2.8% 

for 𝜂el̅̅ ̅̅  = 35% 

𝜀𝜂el
 = 8.2% 

for 𝜂el̅̅ ̅̅  = 35% 

Thermal efficiency (%) of 

CHP engine as function of 

part-load level (%) and 

size (kWe) 

Neural network 
𝑊̇el,CHP < 8 MWe 

50% < PL < 100% 

𝑢𝜂th
 = 5.9% 

for 𝜂th̅̅ ̅̅  = 55% 

𝜀𝜂th
 = 11% 

for 𝜂th̅̅ ̅̅  = 55% 

Cost (£) of CHP engine as 

function of size (kWe) 
𝐶CHP = 11000𝑊̇el,CHP

0.57
 𝑊̇el,CHP < 8 MWe 

𝑢𝐶CHP
 = 200 £ 

for 𝐶CHP
̅̅ ̅̅ ̅̅  = 1.7 k£ 

𝜀𝐶CHP
 = 12% 

for 𝐶CHP
̅̅ ̅̅ ̅̅  = 1.7 k£ 

Heat pump systems     

Cost (£) of ASHPs as 

function of size (kWth) 
𝐶ASHP = 620𝑄̇ASHP

0.82
 𝑄̇ASHP < 25 kWth 

𝑢CASHP
 = 2.5 k£ 

for 𝐶ASHP
̅̅ ̅̅ ̅̅ ̅̅  = 4.8 k£ 

𝜀CASHP
 = 53%  

for 𝐶ASHP
̅̅ ̅̅ ̅̅ ̅̅  = 4.8 k£ 

Cost (£) of GSHPs as 

function of size (kWth) 

𝐶GSHP =

470𝑄̇GSHP

0.85
+2600 

𝑄̇GSHP < 150 kWth 
𝑢CGSHP

 = 2.9 k£ 

for 𝐶GSHP
̅̅ ̅̅ ̅̅ ̅ = 22 k£ 

𝜀CGSHP
 = 13% 

for 𝐶GSHP
̅̅ ̅̅ ̅̅ ̅ = 22 k£ 

COP of ASHPs as function 

of heat source temperature 

(°C), where heat sink is 

at 55 °C 

𝐶𝑂𝑃 = 2.3𝑒0.026𝑇src 
𝑄̇ASHP < 25 kWth 

−15 < 𝑇src < 20 °C 

𝑢COP = 0.6 

for COP̅̅ ̅̅ ̅̅  = 2.4 

𝜀COP = 25% 

for COP̅̅ ̅̅ ̅̅  = 2.4 

COP of GSHPs as function 

of heat source temperature 

(°C), where heat sink is 

at 55 °C 

𝐶𝑂𝑃 = 2.7𝑒0.020𝑇src 
𝑄̇GSHP < 25 kWth 

−5 < 𝑇src < 20 °C 

𝑢COP = 0.5 

for COP̅̅ ̅̅ ̅̅  = 3.2 

𝜀COP = 16% 

for COP̅̅ ̅̅ ̅̅  = 3.2 

Cost (£) of heat-pump 

compatible hot water 

cylinder as function of 

size (m3) 

𝐶cyl = 2100𝑉cyl
0.35 𝑉cyl < 0.6 m3 

𝑢Ccyl
 = 0.5 k£ 

for 𝐶cyl
̅̅ ̅̅ ̅ = 1.4 k£ 

𝜀Ccyl
 = 35% 

for 𝐶cyl
̅̅ ̅̅ ̅ = 1.4 k£ 

DH network     

Cost per metre of pipe 

length (£/m) as function of 

pipe diameter (m) 

𝐶DH,sp = 4100𝐷pipe + 420 𝐷pipe < 0.5 𝑚 
𝑢CDH,sp

= 170 £/m 

CDH,sp
̅̅ ̅̅ ̅̅ ̅̅  = 1.5 k£/m 

𝜀CDH,sp
= 11% at 

CDH,sp
̅̅ ̅̅ ̅̅ ̅̅  = 1.5 k£/m 

Heat loss per metre of pipe 

(W/m) as function of pipe 

diameter (m) 

𝑄̇DH,loss = 93𝐷pipe + 8.2 𝐷pipe < 0.5 𝑚 
𝑢Q̇DH,loss

= 4.6 W/m 

Q̇DH,loss
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  = 37 W/m  

𝜀Q̇DH,loss
= 12% 

Q̇DH,loss
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  = 37 W/m 

* Relative and absolute uncertainties are reported at mid-range values (denoted with an overbar ∎̅). 

Table 1 shows that the data-driven models capture the CHP cost and efficiency data with a good 

accuracy, resulting in low uncertainties (with relative uncertainties below 12% at mid-range values), 

while the scattering of the available ASHP cost data (see Fig. 4(a)) leads to important deviation and 

high uncertainties, with a relative uncertainty on the ASHP cost of 53% for a mid-cost heat pump 

(𝐶ASHP
̅̅ ̅̅ ̅̅ ̅̅  = 4.8 ± 2.5 k£). The latter figure is by far the highest relative uncertainty reported in Table 1, 
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followed by that on the hot water cylinder (𝜀Ccyl
 = 35% for a mid-cost cylinder 𝐶cyl

̅̅ ̅̅ ̅ = 1.4 ± 0.5 k£), the 

cost of which is however is much lower than that of an ASHP, thus resulting in a less significant absolute 

uncertainty. It is also worth noting that the relative uncertainty on the ASHP COP is as high as 25%. 

The large scattering observed in both the price and performance of ASHPs reflects the fact that a 

large number of design options exist for these systems (choice of working fluid, size of the heat 

exchangers, fixed- or variable-speed compressor units, electronic or thermostatic expansion valves, 

low- or high-noise fans, advanced or simplified controls, defrosting method). In other words, large 

cost and COP differences are observed between low- and high-specification heat pumps, which 

explains the high uncertainty obtained with a technology-agnostic approach, whereby the KPIs are 

correlated against single parameters (e.g., cost as a function of size). In this paper, a refined model 

of air-source heat pump systems is proposed to enhance the granularity of both the cost and 

thermodynamic models, so as to reduce the associated uncertainty and capture the full 

technoeconomic potential of this heat-upgrading technology. 

2.2.2. Thermodynamic and costing models of heat pumps 

The variation in different ASHP designs and associated cost and performance is large, causing 

significant uncertainties. Identifying the optimal heat decarbonisation pathways of the future requires 

reducing these uncertainties, and this can be done through the development of thermodynamic and 

costing models that can predict some of these variations. 

2.2.2.1. Thermodynamic performance model 

In the effort to capture design variations and off-design performance of heat pumps, a spatially 

lumped thermodynamic model of a low-temperature heat pump with a single-stage-compressor is 

developed. This assumes isenthalpic expansion through the expansion valve, steady-state operation 

of components and no pressure losses across the pipes and heat exchangers. A schematic of the 

heat pump cycle is shown in Fig. 7. This involves four main steps: process 1-2 involves the 

compression of the working fluid; 2-3 the heat rejection to hot water; 3-4 the isenthalpic expansion; 

and 4-1 the heat addition from the heat source (air, water). The heat pump model utilises compressor 

efficiency maps adopted from the work of Astolfi [46], providing the isentropic efficiency as a function 

of volume ratio and volumetric flowrate based on more than 100 Bitzer compressors [47]. The work 

also utilises comprehensive HEX models, which capture the performance and cost of different HEX 

designs and can be used to size the HEXs or to predict their performance in off-design conditions. 

The condenser is a brazed-plate heat exchanger made of three distinct zones: (i) the desuperheating 

zone (Process 2-2a); (ii) the condensing zone (Process 2a-2b); and (iii) the subcooling zone 

(Process 2b-3). The evaporator, is either a brazed-plate or a plate-fin heat exchanger, depending on 

the source (water or air) and involves: (i) the evaporating zone (Process 4-4a); and (ii) the 

superheating zone (Process 4a-1). The main model equations are listed in Table 2.  
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Figure 7. Vapour-compression heat pump cycle: (a) schematic diagram; and (b) T-s diagram. 

Table 2. Overview of thermodynamic heat pump model. See Nomenclature for symbols. 

Piece of equipment Assumptions Equations 

Compressor • Well-insulated compressor 

• Utilises compressor 

efficiency maps from the 

work of Astolfi [46] 

ℎ2 = ℎ1 +
ℎ2,is − ℎ1

𝜂is,comp

 

𝜂is,comp = 𝑐[0.940 + 0.0293 ln(𝑉̇in) − 0.0266𝑉r] 

𝑐 = 1 − 0.264 ln (
𝑉𝑟

7
) for 𝑉r > 7, 

𝑊̇comp = 𝑚̇wf(ℎ2 − ℎ1) =
𝑚̇wf(ℎ2,is − ℎ1)

𝜂comp

 

Condenser • No pressure drop 𝑑sc = 𝑇2b − 𝑇3 

𝑄̇out = 𝑚̇wf(ℎ2 − ℎ3) 

𝑄̇out = 𝑚̇sink𝑐p,sink(𝑇sink,out − 𝑇sink,in) 

Expansion valve  • Isenthalpic process ℎ4 = ℎ3 

Evaporator • No pressure drop 𝑑sh = 𝑇1 − 𝑇4 

𝑄̇in = 𝑚̇wf(ℎ1 − ℎ4) 

𝑄̇in = 𝑚̇src𝑐p,src(𝑇src,in − 𝑇src,out) 

The COP of the heat pump is calculated from: 

COP =
𝑄̇in + 𝑊̇comp

𝑊̇comp

 . (23) 

The heat pump modelling effort involves two optimisation parts. The first task is the design optimisation 

problem, where for nominal source and sink conditions, the evaporation pressure 𝑃evap, the condenser 

pressure 𝑃cond, the degree of superheating 𝑑sh and the degree of subcooling 𝑑sc are optimised to 

maximise the heat pump’s COP, as shown in Eq. (24). In this stage, a minimum temperature difference 
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is defined between heat exchanger fluids, known as the pinch-point temperature difference (PPTD). 

Large PPTDs mean small HEXs and subsequently low COPs and low costs. Small PPTDs, on the 

other hand, mean high COPs but increased costs. It is important to state that dry air is assumed in this 

work to enter the evaporator. Details on HEX modelling and validation of the assumption of dry air 

appear Appendix A. The heat pumps are designed following the optimisation problem: 

max
𝑃evap  ,𝑃cond,𝑑SC ,𝑑SH

 {COP} , (24) 

and following this design, all HEXs are first sized and then costed as per Section 2.2.2.2. 

The second task involves the off-design operation optimisation problem, where for a varying heat-

source temperature and fixed HEX size, the COP is again maximised, assuming that an electronic 

expansion valve can be used to control the degree of superheating 𝑑sh and a variable-speed 

compressor to control the working fluid mass flow rate 𝑚̇wf, as shown in Eq. (25): 

max
𝑚̇wf,𝑑SH

 {COP} . (25) 

2.2.2.2. Costing 

Assigning costs to different heat pump components happens utilising cost correlations as acquired 

by: (i) Freeman et al. [48] for water pump and compressor; (ii) Lecompte et al. [49] for air fan and 

plate-fin HEX; (iii) Carel [50] for expansion valve; and (iv) DECC [51] for miscellaneous hardware 

costs and profit margins. All correlations are adjusted to GBP (£) and based on inflation, according 

to the Chemical Engineering Plant Cost Index (CEPCI) [52] and are listed in Appendix B. 

2.2.2.3. Model validation 

The heat pump thermodynamic model is validated by comparing model predictions to cost and 

performance data of two commercially available ASHP monobloc systems: Ecodan (Mitsubishi 

Electric) [53] and Aquarea H-generation (Panasonic) [54]. The two systems share similar size ranges 

(5-14 kWth and 5-16 kWth respectively), same refrigerant (R410a), same operation range (-20-35 °C), 

variable-speed compressor, similar sound levels (46-53 dB and 49-54 dB respectively) and same 

energy efficiency class (A++). In the validation process, the PPTD is set to 5 °C. Figure 8(a) 

illustrates the COP as a function of air temperature for a heat sink temperature of 55 °C, as recorded 

by the two systems’ datasheets and as predicted by the thermodynamic model. Figure 8(b) 

compares cost data of the two heat pump systems to model predictions. The mean relative 

uncertainty of the COP and cost predictions are calculated to be 11.0% and 9.3%, respectively. 

 

Figure 8. Comparison of heat pump thermodynamic model predictions to manufacturer data for: (a) COP as 

a function of air temperature (heat sink = 55 °C); and (b) specific cost as a function of size (rated heat output). 
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3. Case Study: The Isle of Dogs, London 

The feasibility study and comparison of centralised and distributed heating options is conducted for the 

case of Isle of Dogs, a highly populated area in East London, UK. According to mid-2018 population 

estimates, it is estimated to have a population of about 58000 people, which corresponds to 19475 

households and a total of 1050 buildings [55]. The area covered by the Isle of Dogs is obtained using 

the socio-economic data for different MSOAs collected in 2013 [56] to be about 23 km2 and the road 

length is estimated according to GLUD [31]. The model utilises hourly space heating and hot water 

demand profiles. The profiles have been obtained from the agent-based model developed in project 

“EDF Flexifund”, a collaboration between Imperial College London and EDF Energy [57]. This involved 

collecting data for the Isle of Dogs’ area layout, building types (age, height, comfort temperature, 

floorspace, etc.), household size, economic activity, daily temperature profiles and road network. 

Electricity and heat demands were simulated using computer representations of decisions makers and 

were validated based on benchmark data published by DECC [58, 59]. Figure 9 illustrates the region’s 

middle-layer super output areas (MSOAs), as well as the demand profiles for hot water and space 

heating for 12 typical days of the year during 2014. The peak domestic heat demand reaches 81 MW.  

 

Figure 9. Isle of Dogs area in London: (a) five MSOAs that compose the region; and (b) residential space 

heating and hot water demand for 12 typical days of the year. 

3.1. Model inputs and assumptions 

Main model assumptions and inputs are listed below: 

• In the energy-community pathway, it is assumed that each energy community is composed by 

19 households (the group of households that correspond to the average building of the region. 

• In all pathways concerning heat pumps, it is assumed that heat pumps should provide heat for 

both space heating and hot water (heat sink temperature of 55 °C). 

• The specific investment cost of backup large-scale boilers is assumed to be 40 £/kWth (average 

of the cost of more than 20 units larger than 1 MWth [60]), while that of medium-scale backup 

boilers in the case different CHP systems are installed in each energy community is assumed 

equal to 50 £/kWth, (average of the cost of more than 30 units in the range of 50-150 kWth [60]). 

• The specific cost for large-scale (>1 MWhth) and medium-scale (50-150 kWth) hot water storage 

is 960 £/m3 [36] and £2000 (from collected cost data) respectively. 

• In the case of CHP systems, it is assumed that installation adds 20% to the investment cost [61]. 

• The minimum part-load level at which the CHP systems can operate is set to 50% [62].  

• In the centralised system pathway, the specific cost of CHP systems is assumed to remain 

constant for sizes >8 MWe (engines are stacked up).  
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• The cost required for the installation of small-scale ASHP units is set at 20% of the investment 

cost, which is in line with DECC [51]. GSHPs are more expensive due to the requirement to lay 

ground pipes; an additional cost of 650 £/kWth is assumed [63].  

• The air is assumed to be dry (see Section 2.2.2.1), while the ground temperature is assumed 

not to change over time. The validity of the former assumption is considered in Appendix A, and 

a sensitivity analysis to explore the validity of latter assumption is conducted in Section 3.2.1. 

• According to the CIBSE’s heat network code of practise [64, 65], pipework sizing is performed 

for flow and return temperatures of 90 °C and 60 °C Although this does not take into account 

flow and return temperatures of each building, ignoring the potential to reduce temperature 

differences during the summer, it is considered safer to slightly overestimate requirements to 

ensure the network’s reliability at all times of the year [65].  

• The capital cost is annualised for a technology lifetime of 20 years [36] and a discount rate of 5%. 

• The price of gas is set at 0.04 £/kWh [36], while hourly importing and exporting electricity prices 

are obtained from Nord Pool in 2019 [66] and by breaking down electricity costs into components 

as explained in the work of Acha et al. [67] (average importing electricity price is 0.14 £/kWh).  

• The carbon footprint of natural gas is set at 0.18 kgCO2(eq)/kWh [68], while annual hourly data 

for the carbon footprint of the grid is obtained from the National Grid in 2020 [69] (average grid 

carbon footprint is 0.22 kgCO2(eq)/kWh). 

The annual fluctuation of COP for average-performance ASHP and GSHP units is shown in Fig. 10. 

The result shown in this figure is based on the data-driven models of heat pumps for a heat sink 

temperature of 55 °C and the mean daily air and ground temperatures as recorded in London, UK, 

in 2014 [70]. GSHPs show a more stable performance with the COP remaining close to 3, while the 

COP of ASHPs varies from about 2 in the winter to more than 4 in the summer. 

 

Figure 10. Annual fluctuation of COP of average-performance ASHP and GSHP units utilising air and ground 

temperature measurements in London, UK, in 2014 [70]. 

3.2. Comparison of pathways based on data-driven models 

For each pathway, the optimisation problem provides an optimal technology size that minimises the 

total annualised energy cost 𝐶tot,ann. As an example, Fig. 11 presents how the optimally sized 

technology and its backup system work simultaneously to meet heat demand for two of the 

pathways: (i) centralised CHP system and backup boiler; and (ii) domestic ASHP systems and 

backup electric heaters, for 12 typical days of the year. 
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Figure 11. Division of duty between main heat generation technology and backup system for: (a) centralised 

CHP system and backup boiler; and (b) domestic ASHP system and backup electric heater. 

As shown in Fig. 11, when the demand is higher than the capacity of the heat generation technology, 

backup systems provide the additional required heat. Similarly, when the demand is lower than the 

minimum capacity of the system, the latter is switched-off and backup systems meet the demand 

instead. The main results of the comparison of possible pathways are presented in Table 3. Annual 

savings 𝑆ann correspond to savings compared to the case in which all heat demand covered by 

decentralised boilers (current production unit).  

Table 3. Comparison of heat generation pathways in terms of: optimal technology size, backup requirement, 

levelised cost of heat 𝐶LCOH, total annualised energy cost 𝐶tot,ann, investment cost 𝐶cap,ann, savings 𝐶sav,ann, payback 

period 𝑡PBT and CO2-equivalent emission savings ℰsav,CO2
. Energy communities correspond to 19 households. 

Quantity 

Optimal 

size 

(kWth) 

Backup 

capacity 

(kWth) 

𝑪𝐋𝐂𝐎𝐇 

(£/MWhth) 

𝑪𝐭𝐨𝐭,𝐚𝐧𝐧 

(M£) 

𝑪𝐜𝐚𝐩,𝐚𝐧𝐧 

(M£) 

𝑪𝐬𝐚𝐯,𝐚𝐧𝐧 

(M£) 

𝒕𝐏𝐁𝐓 

(years) 

𝓔𝐬𝐚𝐯,𝐂𝐎𝟐
 

(%) 

Centralised CHP 
system 

35000 
48000  

(boiler) 
31 -3.8 150 13 12 -1.3 

CHP systems in 
energy communities 

32  48 (boiler) 52 1.7 133 6.4 21 4.0 

Micro-CHP systems 
at household level 

0.7 4.1 (boiler) 50 1.0 68 3.2 21 5.6 

GSHP systems in 
energy communities  

44 
36 (electric 

heater) 
74 7.0 99 -0.9 - 60 

Domestic ASHP 
systems  

3 
2.8 (electric 

heater) 
72 6.1 53 -2.9 - 55 

Domestic GSHP 
systems 

3 
2.8 (electric 

heater) 
79 8.0 108 -1.3 - 62 

In order to capture the effect of scale on the possible decarbonisation pathways, simulations are 

conducted for varying technology size and Fig. 12 demonstrates how the LCOH, the total investment 

cost, the annual savings and the CO2-equivalent savings compare between the different options. On 

the x-axis, the size is normalised with respect to the peak heat demand. 
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Figure 12. Comparison of heat generation pathways in terms of: (a) LCOH; (b) total investment cost; (c) annual 

profit; (d) CO2-equivalent savings, for varying technology size. The latter is normalised to peak heat demand.  

The centralised CHP system requires a significant investment cost (£150M), which is higher than all 

other options, due to the significant cost of the DH network (85% of the investment cost). However, 

as shown in Fig. 12(c), the CHP system shows higher annual savings than all other pathways at all 

sizes. This is attributed to the high electrical efficiency of large CHP systems and therefore the ability 

to sell significant amounts of electricity to the grid. Despite the high investment cost, the centralised 

ICE-CHP pathway appears to be the least-cost pathway at almost all sizes. The optimal size is about 

35 MWth, which corresponds to a LCOH of 31 £/MWhth (Table 3) and a PBT of 12 years, showing 

that the centralised ICE-CHP system is the most cost-effective investment. It is clear from Fig. 12 

that the effect of size is particularly important in the value of the system, since a centralised CHP 

system designed to supply 100% of the peak demand would result to a LCOH of 47 £/MWhth, which 

would be significantly higher than the LCOH of the optimally sized system. 

CHP systems installed in energy communities and micro-CHP systems at each household show 

very similar performance, achieving an LCOH of 52 £/MWhth and 50 £/MWhth respectively, while they 

both achieve a PBT of about 21 years. These systems experience lower electrical efficiency than 

the centralised system, therefore annual savings are significantly lower (Fig. 12(c)). Micro-CHP 

systems experience high specific costs and show not to compete to centralised systems, while when 

sized to meet the peak heat demand, they show higher prices than heat pumps (Fig. 12(b)). 

The pathways considering ASHPs and GSHPs show a LCOH higher than 70 £/MWhth (Fig. 12(a)), 

which makes them a more expensive heat generation solution than CHP systems. GSHPs installed 

at household level show significantly higher investment costs than ASHPs, however they achieve 

very similar performance in terms of LCOH. As shown in Table 3, the main drawback of heat pump 
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systems is that they exhibit negative annual savings, attributed to the fact that the total cost of buying 

electricity to run the heat pumps is almost always higher than the cost of fuel required in boilers. This 

is explained by the significant difference in the price of natural gas and electricity in the UK, with the 

first being about 4 times lower than the average importing electricity price in 2020 [66]. 

Although cost analysis shows that a centralised CHP system is the least-cost pathway, it is very 

important to observe the degree of decarbonisation achieved in each pathway. ICE-CHP systems 

recover heat from ICEs that would be otherwise wasted, achieving total efficiencies close to 90%, 

therefore one would assume significant emission reductions. However, in recent years, the carbon 

footprint of the electricity from the grid is significantly decreasing, having dropped from about 

0.50 kgCO2(eq)/kWh in 2014 to an average of 0.22 kgCO2(eq)/kWh in 2020 [71]. This is very close to 

the carbon footprint of natural gas (0.18 kgCO2(eq)/kWh), which means that emissions from ICE-CHP 

systems are similar to those of boilers. In detail, centralised CHP systems show negative emission 

savings (-1.3%), which means that, at the moment, these are not viable options to decarbonise the 

heat sector. Although the higher thermal efficiency of smaller micro-CHP systems provides positive 

emission savings, these are less significant (5.6%). 

Unlike gas-fired CHP systems, heat pumps are becoming an increasingly promising heat 

decarbonisation solution. As shown in Table 3, the use of GSHPs, either at household or energy-

community level, can provide CO2-equivalent savings of at least 60%. Similarly, domestic ASHPs 

demonstrate CO2-equivalent savings of 55%, while the LCOH is 72 £/MWhth, just below that of 

GSHPs installed at energy-community level (74 £/MWhth). The main advantage of ASHPs compared 

to GSHPs is that they involve significantly lower capital cost (£53M). 

In this work, the inlet source (ground) temperature has been assumed to remain constant throughout the 

year. Heat extraction from the ground over a significant amount of time can cause the temperature of the 

soil to reduce over time, reducing the heat pump COP and increasing operational costs in the long run. 

The degree to which the heat extracted from the soil is higher than that injected into the soil depends on 

various factors, including the density of GSHP installations, weather, as well as possibilities of heat gain 

from other sources. In central London, there are multiple sources of heat gain, including solar and human 

activity (associated with the so-called urban heat-island effect) related gains, gains from the waste-water 

and sewer systems, heat generated by significant underground train traffic, as well as the fact that the 

Isle of Dogs area is surrounded by the Thames river whose water will act as a thermal source in winter 

when the soil temperature drops while the water temperature remains more steady. Nevertheless, we 

consider here an “extreme” case which re-evaluates results concerning the utilisation of GSHPs 

assuming that there are no heat gains from other sources and that the ground temperature reduces by 

~0.5 °C every year, consistent with Refs. [72–74] for soil temperature decreases in cold regions attributed 

to the fact that heat is extracted from the soil all year round. Results are shown in Table 4. 

Table 4. Comparison of GSHP pathways in terms of levelised cost of heat 𝐶LCOH, total annualised energy cost 

𝐶tot,ann and savings 𝐶sav,ann, assuming an annual reduction of ~0.5 °C in ground temperature. 

Quantity 
𝑪𝐋𝐂𝐎𝐇 

(£/MWhth) 

𝑪𝐭𝐨𝐭,𝐚𝐧𝐧 

(M£) 

𝑪𝐬𝐚𝐯,𝐚𝐧𝐧 

(M£) 

GSHP systems in 
energy communities  

78 8.1 -1.9 

Domestic GSHP 
systems 

84 9.2 -2.8 

As demonstrated in Table 4, the worst-case effect of soil thermal imbalance, in the absence of heat 

gains from any sources, is to cause an increase of ~5% and ~6% in the LCOH of GSHP systems 
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installed in communities or at domestic level, respectively. Although accounting for this variation will 

not appreciably change the present results, it would be necessary to consider solutions to deal with 

any thermal imbalance in a pathway dominated by rapid employment of GSHPs, including design 

considerations (borehole space and length, soil water content, auxiliary energy sources, etc. [72]). 

3.3. Comprehensive prediction of ASHP potential 

The overall annualised energy cost and carbon emissions of alternative pathways may change when 

different cost and performance assumptions apply. Especially in the case of ASHPs, which have 

shown a very large uncertainty in the capital cost (Table 1, Section 2.2.1), it is necessary to capture 

interactions between the multi-process components. In this effort, the thermodynamic heat pump 

model is used to differentiate between two possible heat pump designs: (i) a high-specification heat 

pump that utilises large heat exchangers (corresponding to a PPTD of 1 °C) and operates with R32 

as the working fluid; and (ii) a low-specification heat pump that utilises small heat exchangers 

(corresponding to a PPTD of 10 °C) and operates with R410a as the working fluid. The design 

optimisation problem is solved to size the components at a design point chosen at: (i) a heat source 

temperature of 7 °C (industrial standard for quoting ASHP efficiency [75]); and (ii) a heat-sink 

temperature of 55 °C, which is the minimum required for hot water [38]. The associated component 

costs are determined and the off-design COP variation with temperature is obtained, assuming that 

both heat pumps involve an electronic expansion valve and a variable-speed compressor. Figure 13 

shows the specific cost of the two heat pump designs as function of size and their off-design 

performance for varying air temperature. The latter does not change significantly with size for small 

systems and is therefore assumed to be the same at all considered sizes. 

 

Figure 13. Thermodynamic model predictions against manufacturer data: (a) specific cost as function of size; 

and (b) COP as function of air temperature (for a heat sink temperature of 55 °C), for the cases of a high-

specification ASHP with large heat exchangers and working fluid R32; and a low-specification ASHP with small 

heat exchangers and working fluid R410a. Small circles represent collected data. 

Figure 13 demonstrates that the predicted cost and performance of the two heat pump designs could 

indeed represent a high-spec and a low-spec heat pump on the UK market. The high-spec option 

exhibits a high cost but a favourable performance, while the low-spec one has a lower cost but lower 

performance. The results of the comparison of the two designs when used to provide heating for 

each household in the Isle of Dogs are shown in Table 5 and Fig. 14. 
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Table 5. Comparison of two ASHP pathways in terms of: optimal technology size, backup requirement, 

levelised cost of heat 𝐶LCOH, total annualised energy cost 𝐶tot,ann, investment cost 𝐶cap,ann, savings 𝐶sav,ann, 

payback period 𝑡PBT and CO2-equivalent emission savings ℰsav,CO2
. 

Quantity 

Optimal 

size 

(kWth) 

Backup 

capacity 

(kWth) 

𝑪𝐋𝐂𝐎𝐇 

(£/MWhth) 

𝑪𝐭𝐨𝐭,𝐚𝐧𝐧 

(M£) 

𝑪𝐜𝐚𝐩,𝐚𝐧𝐧 

(M£) 

𝑪𝐬𝐚𝐯,𝐚𝐧𝐧 

(M£) 

𝒕𝐏𝐁𝐓 

(years) 

𝓔𝐬𝐚𝐯,𝐂𝐎𝟐
 

(%) 

High-spec domestic 

ASHP systems 
3 

2.8 

(electric 

heater) 

66 4.9 61 -1.1 - 59 

Low-spec domestic 

ASHP systems 
3 

2.8 

(electric 

heater) 

78 7.7 48 -4.7 - 47 

 

Figure 14. Comparison of two ASHP pathways in terms of: (a) LCOH; and (b) total investment cost, for varying 

technology size. The latter is normalised to peak heat demand. Results from the data-driven model are included. 

The comparison of the economic and environmental performance of the two heat pump designs, 

shown in Table 5, reveals that, despite a high-spec-ASHP capital cost more than 25% higher than 

that of the low-spec option, the total annualised energy cost is significantly lower (£4.9M compared 

to £7.7M). The LCOH is calculated to be 66 £/MWhth, which is lower than that of the low-spec option 

(78 £/MWhth), but also than the one obtained with the data-driven model (72 £/MWhth), as shown in 

Fig. 14. The difference between the CO2-equivalanet savings potential of the high-spec and low-

spec options is significant (~12%), showing that the high-spec solution is a worthwhile investment.  

3.4. Uncertainty analysis 

This section assesses how cost and performance assumptions can affect the total annualised energy 

cost 𝐶tot,ann and the CO2-equivalent savings ℰsav,CO2
. This is done by conducting an uncertainty 

propagation analysis as illustrated by Holman [76]. The uncertainty 𝑢R of a result 𝑅 is equal to: 

𝑢𝑅
2 = [(

𝜕𝑅

𝜕𝑥1
𝑢1)

2

+ (
𝜕𝑅

𝜕𝑥2
𝑢2)

2

+ ⋯ + (
𝜕𝑅

𝜕𝑥𝑛
𝑢𝑛)

2

] , (26) 

where 𝑥1, 𝑥2. . 𝑥n are the independent variables and 𝑢1 , 𝑢2. . 𝑢n the absolute uncertainties of them. 

(a) (b)
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This analysis focuses only on two main factors: (i) the investment costs; and (ii) the COP of ASHPs. 

There are three main reasons for the focus on ASHPs: (i) the data-driven ASHP model is associated 

with the highest uncertainties amongst all data-driven models (Table 1, Section 2.1.1.4); (ii) the 

analysis in Section 3.2 reveals that ASHPs deliver improved environmental benefits, achieving CO2-

equivalent savings of >55% compared to <6% from gas-fired CHP systems; and (iii) the objective is 

to demonstrate the significance of reducing uncertainties specifically in technology characteristics. 

The latter are epistemic in nature and, as such, can be reduced by increasing the level of detail 

and/or gathering more data [77]. On the other hand, uncertainties associated to future electricity or 

gas prices are irreducible (categorised as aleatory) and are excluded from this uncertainty analysis. 

First, the optimisation problem is solved and associated uncertainty bounds are calculated using a 

black-box model: a set of simplified assumptions, which do not utilise the models developed in this 

work and do not capture the effects of size and off-design operation. In this simplified analysis, the 

inputs and their uncertainty are set to the average and maximum/minimum values that represent 

ASHP commercial units: (i) the COP is set to 3 ± 1.5; and (ii) the specific cost is set to 

500 ± 400 £/kWth. The process is then repeated using the developed data-driven heat pump model 

and its associated uncertainty bounds (Table 1, Section 2.2.1.4). Lastly, the uncertainty associated 

with the validated thermodynamic and component-costing heat pump model is used to evaluate the 

bounds on the results of the high-spec and low-spec heat pump designs discussed in Section 3.4. 

The results of uncertainty propagation are reported in Table 6. 

Table 6. Total annualised energy cost 𝐶tot,ann (M£) and CO2-equivalent savings ℰsav,CO2
 (%) with uncertainty 

bounds for the domestic ASHP pathway, in the case of: (i) black-box heat pump model (educated guess on 

cost and performance); (ii) data-driven heat pump model (from collected data); and (iii) the thermodynamic 

and component-costing heat pump model for a high-spec and low-spec ASHP. 

Pathway 𝑪𝐭𝐨𝐭,𝐚𝐧𝐧 (M£) 𝓔𝐬𝐚𝐯,𝐂𝐎𝟐
 (%) 

Black-box model  5.2 ± 6.9 58 ± 17 

Data-driven model 6.1 ± 4.6 55 ± 11 

Thermodynamic model 

(high-spec heat pump) 
4.9 ± 1.1 59 ± 3.4 

Thermodynamic model 

(low-spec heat pump) 
7.7 ± 1.6 47 ± 4.7 

Table 6 demonstrates that, when compared to a black-box model, the heat pump data-driven model 

can lead to different results with significantly reduced uncertainties. While the uncertainty levels on 

𝐶tot,ann and ℰsav,CO2
 reduce by about 33% and 35%, respectively, they remain relatively high, which 

reflects the large range of possible ASHP designs. When the heat pump thermodynamic model is 

used, however, the range of different designs can be captured, and uncertainties drop significantly 

(>70% compared to data-driven model), demonstrating the significance of capturing technology 

characteristics in system modelling efforts. 

3.5. Gas versus electricity price 

The value of CHP systems and heat pumps in the effort to decarbonise heating greatly depends on 

the relative price between gas and electricity. In order to examine this, the optimised-sizes obtained 

for the thermodynamic domestic-size high-spec ASHP model and the data-driven centralised CHP 

model are used to obtain results for various price scenarios and Fig. 15 reports the total annualised 

energy cost for different gas and average electricity price scenarios. 
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Figure 15. Comparison of economic performance of centralised CHP system versus domestic heat pumps for 

varying gas and electricity prices: (a) total annualised energy cost 𝐶tot,ann for centralised CHP system; (b) total 

annualised energy cost 𝐶tot,ann for domestic ASHP; and (c) most cost-effective option for different price 

ranges. The star represents the current state of prices in the UK (2020).  

It appears clearly in Fig. 15 that, when the price of electricity is high compared to that of gas, CHP 

systems become a worthwhile investment from an economic perspective. On the other hand, heat 

pumps become competitive when the electricity-to-gas price ratio reduces below about 3. The 

current energy prices in the UK imply that a CHP system is a more cost-effective option. However, 

changes in the gas and electricity prices, or relevant energy polices can cause the economic 

comparison between the two heat generation solutions to change notably. The fact that electrically 

powered heat pumps can now achieve a much higher degree of decarbonisation than gas-fired CHP 

systems is of interest and should be considered in developing national energy strategies and policy. 

4. Conclusions 

Addressing the economic and environmental challenges associated with the provision of low-carbon 

heat requires models that can examine the trade-offs between different options. In this paper, the 

variations in the performance and cost of CHP systems and heat pumps with scale (size, rating) and 

operating conditions are captured with data-driven models based on an extensive analysis of 

commercially available products on the UK, while a comprehensive thermoeconomic (thermodynamic 

and costing) model is proposed for the ASHP systems for which the large number of design options 

results in a large variability (scatter) of available performance and cost data, even at the same scale. 

These models are used to compare three main heat-provision pathways: (i) centralised gas-fired CHP 

system; (ii) middle-scale generation through gas-fired CHP systems or GSHPs for differentiated energy 

communities; and (iii) distributed micro-CHP units, ASHPs or GSHPs in each household. The Isle of 

Dogs area in London, UK, is used as a case study for this comparison. The economic and environmental 

performance of the pathways are evaluated in terms of a set of KPIs. Furthermore, the thermoeconomic 

ASHP model, which is validated against manufacturer data, allows the comparison of two alternative 

heat pump designs: a high-cost, high performance one, based on large heat exchangers and working 

fluid R32; and a low-cost, low-performance one, based on small heat exchangers and working fluid 

R410a. The novelty of this work lies in the use of the developed technoeconomic models (data-driven, 

thermodynamic, sizing/costing) to capture realistic technology characteristics (size/scale effects, design 

characteristics, and off-design operation), therefore providing an informed comparison of possible 

technology selection and design/sizing options. Furthermore, an uncertainty propagation analysis is 

conducted to quantify the uncertainty on the results of using the different fidelity approaches. 

Results demonstrate that a centralised gas-fired CHP system is the most profitable option in the case 

of Isle of Dogs, with a LCOH of 31 £/MWhth. However, if the carbon footprint factor of grid electricity 
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continues to increase based on current trends, CHP systems can only provide reduced environmental 

benefits when compared to boilers (between -1.3% and 5.6%), while domestic ASHPs can reduce 

carbon emissions by more than 55%. Despite the fact that GSHPs installed at the energy community-

level require double the investment cost of domestic ASHPs, they show similar economic performance 

(LCOH of 74 £/MWhth and 72 £/MWhth, respectively), and higher emission reductions (60%). The use 

of the thermodynamic heat-pump model allows for an interesting observation; high-specification 

ASHPs, although more expensive, show higher environmental but also higher economic benefits than 

lower-specification ASHPs (LCOH of 66 £/MWhth vs. 78 £/MWhth, respectively; and CO2-eq. savings of 

59% vs. 47%, respectively). An uncertainty propagation analysis demonstrates that a lack of proper 

accounting of cost and performance variations of heat pumps results in an uncertainty in the total 

annualised system cost above 100% (5.2 ± 6.9 M£). The utilisation of data-driven models results in a 

different value and also reduced uncertainty (6.1 ± 4.6 M£), while first-principles models can reduce 

uncertainties by more than 75%, (4.9 ± 1.1 M£ for the high-spec ASHP case) therefore providing more 

meaningful results, upon which stakeholders can base their decisions. Lastly, a gas and electricity price 

sensitivity shows that energy prices play a key role in the comparison of the economic potential of CHP 

and heat pump systems and the analysis provides evidence to support energy policy.  
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Appendix A. Heat exchanger modelling  

Comprehensive HEX models are utilised to estimate the cost of different HEX designs and examine 

the system’s behaviour in off-design conditions. Geometrical parameters of brazed-plate and plate-

fin HEXs are obtained from experimental tests of Unamba et al. [78] and Karthik et al. [79]. The 

HEXs are discretised into a series of equal-temperature (single-phase regions) or equal-enthalpy 

(two-phase regions) increments. For each increment 𝑖, the overall heat transfer coefficient 𝑈𝑖 and 

hence the required HEX area A𝑖 are calculated using Eqs. (A.1) and (A.2): 

1

𝑈𝑖
=

1

𝛼inner,𝑖
+

Δ𝑥

𝜆
+

1

𝛼outer,𝑖
 , (A.1) 

𝑄̇𝑖 = 𝑈𝑖A𝑖LMTD 𝜄 . (A.2) 

The heat transfer coefficients for single-phase heat transfer except the air side of the evaporator are 

calculated using the Nusselt number Nu, which is a function of the Reynolds Re and Prandtl number 

Pr, as shown in Eq. (A.3). Coefficients a, b, and c are obtained from Bogaert et al. [80] and Chrisholm 

et al. [81]. Eq. (A.3) is also used in the condenser two-phase region with an equivalent Reynolds 

number as recommended by Thonon [82]. Similarly, the Colborn factor 𝑗 is used for single-phase 

heat transfer on the air side (Eq. (A.4)), where coefficients a and b are obtained from Chang et 

al. [83]. For the evaporator two-phase region, Eq. (A.5) is used, where 𝛼cb and 𝛼nb represent the 

heat transfer coefficients attributed to convective boiling (calculated using Bogaert and Chisholm 

correlations) and nucleate boiling (obtained from Cooper’s correlation [84]) respectively. 

𝑁𝑢 = 𝑎 𝑅𝑒𝑏𝑃𝑟𝑐  , (A.3) 

𝑗 = 𝑎 𝑅𝑒𝑏  , (A.4) 

𝛼 = (𝛼cb
2 + 𝛼nb

2 )
1

2⁄  , (A.5) 

The validity of assuming dry air in the evaporator can be tested by altering the ASHP design model to 

investigate how the COP varies with the relative humidity of the inlet air at design conditions (heat 

source temperature of 7 °C and heat sink temperature of 55 °C). For a 5 kWth ASHP of the Panasonic 

Aquarea range [54] with a PPTD of 5 K in both the condenser and evaporator, the model predicts that 

the COP varies from 3.13 for dry air (relative humidity = 0%) up to 3.21 for highly humid air (relative 

humidity = 92%, which corresponds to the highest value reported for London [85]). This represents a 

maximum relative variation of 2.5%, which is lower than other reported uncertainty levels in the paper. 

Appendix B. Heat pump component costing 

Table B1 presents the heat pump component cost correlations employed in this study. 

Table B1. Heat pump component costs. 

Component Dependent variable Cost (£) Ref. 

Compressor Compressor work input (kW) 125 𝑊̇in

0.58
 [48] 

Water pump Electrical power (kW) 512 𝑊̇pump

0.46
 [48] 

Brazed-plate HEX Heat exchanger area (m2) 337 + 214 𝐴 [48] 

Plate-fin HEX Heat exchanger area (m2) 270𝐴 [49] 

Air fan Frontal area (m2) 578𝐴 [49] 

Expansion valve - 320 [50] 

Miscellaneous hardware 
(control, heat meters, etc.) 

- 20% [51] 

Profit margin - 20% [51] 

Tax - 20% - 

 


