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Abstract 8 

This paper takes an integrated analysis approach to explore the options available for a UK homeowner 9 

to reduce their domestic emissions to the level advised by the UK governments committee on Climate 10 

Change of 20% of those associated with a typical house in 1990. It uses proven thermal models of a 11 

typical house and low carbon heating systems to estimate the emissions associated with domestic 12 

heating and electricity consumption from a number of combinations of low carbon micro generation 13 

technologies.  The amount of additional low carbon electricity needed to offset these emissions to the 14 

desired level was then calculated. The capacity of photo voltaic panels needed to generate it was then 15 

estimated.  This has been done over a range of different grid carbon intensities and the resulting 16 

configurations have been subjected to energy analysis and financial appraisal.  An environmental life 17 

cycle assessment was also undertaken to see if there were any unacceptable environmental 18 

consequences of an owner adopting any of the options. The research shows that in all cases 19 

operational GHG target can be met, but that emissions associated with the production of the systems 20 

is variable, meaning that with current technology a 25% house is more likely. It has also been shown 21 

that given current subsidies the installation of some of the proposed systems should be financially 22 

attractive to the home owner.  23 
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1 Introduction 44 

The need to cut greenhouse gas emission to avoid excessive climate change is now generally accepted 45 

[1-4].  The UK government’s Committee on Climate Change [3] recommends that there should be an 46 

80% reduction in green-house gas (GHG) emission by 2050.   Concerned individuals may choose to 47 

reduce on their own emissions.  This paper considers the options for a householder to reduce the 48 

emissions associated with their domestic energy consumption to this target level.  To be viable an 49 

option must provide acceptable space heating, hot water services and domestic electricity, and not be 50 

prohibitively expensive or have unacceptable environmental consequences.    In order to access each 51 

of these separate criteria it was decided to carry out energy modelling to establish workable options, 52 

environmental life cycle assessment to identify the environmental consequences of the option and 53 

financial analysis to investigate the economic cost to the homeowner.  This multi criteria approach has 54 

been used in other similar studies [5-8, 76,77]   55 

There is extensive literature on the application of micro generation to domestic properties including 56 

several integrated appraisal papers   [5-8, 17-19].  Most of the previous studies have concentrated on 57 

the carbon savings which are likely to result from the use of a particular micro generation technology.  58 

This paper expands upon the literature by considering the potential use of combinations of micro 59 

generation technologies used in conjunction with mains gas and electricity to meet a net emission 60 

target. 61 

This study concentrates on those technologies that can be widely applied in a urban area i.e. air source 62 

heat pumps (ASHP), natural gas fired micro combined heat and power units (mCHP), solar water 63 

heaters (SWH) and photo voltaic cells (PV).   These technologies tend to have  high capital cost 64 

consequently it is common practice  to undersize the heating system with respect to the peak load and 65 

use a low cost gas boiler to boost the heat output in cold weather [9].  The use of biomass for heating 66 

was excluded from this study as there is limited scope to increase its use in the UK[10].  Domestic 67 

wind turbines were not considered as their performance has been shown to be poor in urban areas 68 

[11].   69 

The aim of the study is to consider options for emission reduction, not energy self-sufficiency.  The 70 

UK has a feed in tariff (FIT) scheme which allows small scale renewable electricity generators to feed 71 

power into the local electricity distribution network and pays them an enhanced rate for the electricity 72 



[12].   This means that it is not necessary to consider battery storage with its inherent cycle losses, 73 

additional capital cost and environmental concerns [13].    The ability to export power to the supply 74 

grid gives the householder the option of generating more low carbon electricity than they consume in 75 

a year.  This will contribute to lowering of the carbon intensity of the grid.  This reduction in grid 76 

carbon emissions can offset the domestic carbon emissions associated with the energy used in the 77 

house.   78 

Life Cycle Assessment (LCA) was conducted to assess relative environmental impacts of the 79 

competing technologies. LCA considers a range of potential environmental impacts over the life of 80 

the product or system, not just operational CO2 emissions. 81 

2  Background to micro generation technologies being considered 82 

 83 

There are many reviews of micro generation in the literature and it is not intended to review them in 84 

this paper.  This short overview is intended to summarise the operational feature of the technologies 85 

that are relevant to this analysis. 86 

2.1 Air source heat pumps 87 

ASHP are thermal engines that take heat from a low temperature source (the outside air) and deliver it 88 

to a high temperature sink.    They require energy to do this.  The ratio of the energy they use to the 89 

energy they deliver is called the coefficient of performance (COP).  For them to achieve a reduction in 90 

emissions the emissions associated with the electricity they use must be less than those associated 91 

with the heating system they replace.   92 

The COP is a function of the temperature difference between the heat source and sink.  This can be 93 

minimised by operating the ASHP all of the time and controlling its output by  modulating the output 94 

temperature such that the heat delivered from the heat emitters just supplies the net thermal losses 95 

from the building [22].  Under this proportional control strategy the heat pump output temperatures 96 

continually changes so it cannot provide Domestic Hot Water (DHW) at the same time as space 97 

heating.  DHW can be provided by diverting the ASHP’s output to heat a hot water tank to the 98 

required temperature.  99 

2.2 Combined heat and power 100 

The use of reject heat from electricity generation for heating is a proven way of improving energy 101 

utilisation and hence lowering emissions.  The fuel utilisation of a gas condensing boiler is relatively 102 

high (>80%) [23] so a CHP scheme is unlikely to reduce the emissions associated with heating.  103 

Consequently any improvements in fuel utilisation in a CHP plant will come from the electrical 104 

output.  It follows that to give significant savings in emission a gas fired CHP system should have 105 

high energy utilisation and low heat to power ratio. 106 

There are three technologies that can be used for domestic scale micro CHP systems. 107 

2.2.1 Internal Combustion engines 108 

The use of gas fired internal combustion engines (ICE) is an established way to generate electricity. 109 

Utilisable heat can be recovered from the engine’s cooling jacket and an exhaust gas heat recovery 110 

unit.  Micro CHP IC units typically have electrical efficiencies of 24-30% and heat to power ratios of 111 

2.5-2.0 [18].  An IC engine generates electricity as soon as it is up to speed but takes some time to 112 



heat up to a temperature where useful heat can be extracted.  These engines are usually run at their 113 

most efficient output. They are switched on and off to maintain a thermal store within acceptable 114 

temperature limits.  It follows that if the engine has been stopped because the thermal store is at 115 

temperature the heat stored in the engine cannot be used and is likely to be dissipated into its 116 

surroundings; consequently a large thermal store should be used to avoid frequent load cycling. 117 

2.2.2 Stirling Engines 118 

Stirling engines (SE) are heat engines that use external combustion to provide a hot source and 119 

cooling water to provide a cold sink.  Useful heat can be extracted from the exhaust gases and the 120 

coolant.  The engines are quieter and vibrate less that IC engines making them suitable for 121 

installations in occupied areas.  Although their energy utilisation can be over 90%, commercially 122 

available units typically have high heat to power ratios.   SE units only generate when their hot source 123 

is up to temperature consequently they need to be run for periods of over 1 hour to generate 124 

reasonable amounts of electricity [23].  A large thermal store is needed to achieve this in the summer 125 

if they are only used for DHW.  126 

2.2.3 Fuel cells 127 

There are a number of different fuel cell systems but in essence they all consist of a fuel processing 128 

unit, a fuel cell and a DC to AC inverter [24].  There are a number of opportunities to extract reject 129 

heat from the process which are dependent on the exact arrangement of the system.   Fuel cells can 130 

have electrical efficiencies up to 60% and heat to power ratios of 0.3-2. 131 

2.3 Solar Climate  132 

The amount of solar energy available varies with the seasons and weather patterns.  From analysis of 133 

typical solar year data for UK cities taken the Exeter University’s PROMETHEUS database [28] it 134 

was found that standard deviation in annual irradiation of cities across the UK is only 7%.  135 

Consequently it was decided to carry out this analysis for a single city, Cardiff which has close to the 136 

average number of heating degree days for UK cities.     137 

2.4 Solar hot water 138 

 The amount of solar energy harvested is a function of the collector area and thermal store size [25].  139 

In this paper it was decided to use the same area of solar collector in all applications to avoid 140 

distorting the results. 141 

3 Methodology 142 

3.1 Configurations Modelled  143 

Not all of the micro generation units being considered could satisfy the heating requirement of a 144 

household throughout the year so different combinations of equipment were assessed.   Twenty 145 

configurations that were found to satisfy the heating requirements are given in Table 1.  146 

Table1 : Configurations analysed 147 

Case 

number 

Primary heating 

System 

Secondary 

heating system 

Buffer 

size / kg 

Solar thermal 

used? 

1 Boiler 0 0 0 

2 Boiler 0 80 0 



3 Boiler 0 300 1 

4 ASHP Boiler 0 0 

5 ASHP 0 0 0 

6 ASHP 0 80 0 

7 ASHP 0 300 1 

8 High performance 

ASHP 

0 0 0 

9 Large ICE CHP 0 750 0 

10 Large ICE CHP 0 750 1 

11 Small ICE CHP Boiler 750 0 

12 Small ICE CHP Boiler 750 1 

13 Small ICE CHP ASHP 750 0 

14 Small ICE CHP ASHP 750 1 

15 SOFC Boiler 80 0 

16 SOFC ASHP 80 0 

17 SOFC ASHP 750 0 

18 SOFC ASHP 750 1 

19 SE CHP 0 750 0 

20 SE CHP 0 750 1 

 148 

An 80 kg domestic hot water (DHW) tank is used. It is replaced by a 300kg thermal store when solar 149 

water heaters are fitted to allow decoupling of DHW draw off and heating cycles.  Larger 750 kg 150 

thermal stores are used with the CHP systems following manufacturers recommendations to avoid 151 

frequent load cycles. 152 

The characteristic performance of each micro-generation system is summarised in Table 1. 153 

Table 1: Characteristic performance of micro-generators 154 

Equipment Model Heat 

rating kW 

Electricity 

rating kW  

Heat 

efficiency 

Electrical 

efficiency / 

COP 

Boiler Generic Condensing 9.0  90%  

ASHP Ecodan W8.5  8.5   2.7 

ASHP High Peformance    4.6 

Large ICE 

CHP 

Dachs HK5.5 12.3 5.5 59.5% 24.3% 

Small ICE 

CHP 

Ecowill (Freewatt)  2.8 1.0 56.8% 20.3% 

SOFC CFCL Bluegen 0.3 - 0.54 0.5 - 1.5 25% 60% 

SE CHP Whispergen  7.0 1.0 87.4% 8.4% 

 155 

The heat pump  COP values are for an air temperature of 2°C and water temperature of 35°C.  ASHP 156 

are a rapidly developing technology so a hypothetical high performance ASHP with a COP which is 157 

10% higher than the best currently available model [39] it has been considered.  It has been priced at 158 

10% higher than an average ASHP.  All the other units are commercially available. 159 



The control algorithms applied to the cases are discussed in section 3.3.3  160 

3.2 Offsetting carbon emissions 161 

In each configuration, the net CO2 emissions associated with the operation of the heating and 162 

electrical loads of a typical house were calculated from the modelled energy flows assuming fixed 163 

carbon emissions factors (CEF).  Operational emission factors have been used for the carbon 164 

offsetting calculation to be consistent with the climate change act [3].  The more comprehensive full 165 

cycle emissions and embodied energy requirements are discussed in section (3.4).  166 

The working fluids in ASHP have high global warming  potentials so any leakage needs to be 167 

considered as a GHG emission.  An allowance based on 6% leakage a year of R410A refrigerant [40] 168 

has been included in this study.  169 

A CEF for natural gas as delivered on a gross calorific value basis of 202gCO2e/kWh was used [21]. 170 

The CEF for the electricity grid will depend on the mix of power plant running at any one time. A 171 

lower grid electrical CEF will reduce the emissions associated with an ASHP and decrease the 172 

emissions offset by a mCHP unit (increasing its total net emissions). The capacity of PV panels 173 

required in each configuration is therefore dependent on the CEF.  It was decided to use a range of 174 

fixed CEFs for grid supplied electricity to allow comparisons of the different configurations to be 175 

made independently of any assumptions about the short term grid mixes.  CEFs of 600, 400 and 200 176 

gCO2e/kWh were used.   These represent recent grid CEFs and possible stages of grid decarbonisation. 177 

For each configuration the required capacity of solar PV panels was then determined such that the 178 

total net operational CO2 emissions of the dwelling were 1558kgCO2e/yr. This is 20% of the 179 

emissions associated with satisfying the same electrical and thermal demands using CEFs 180 

representative of 1990 [29].  181 

The PVGIS web site [27] was used to produce an estimate of for the annual yield for a well-182 

positioned system in Cardiff using mono-crystalline silicon cells with a rated efficiency of 16% (927 183 

kWh/kW installed).  It was assumed that the same CEF applies to electrical imports and exports 184 

throughout the year. 185 

3.3 Energy analysis 186 

3.3.1 Overall approach 187 

It is possible to use steady state models to investigate the annual energy demands of a building or 188 

heating systems [74,75].  However these technique cannot be used to see if a proposed arrangement 189 

can cope during the coldest periods on the year or if you want to assess the running hours of  auxiliary 190 

heating systems this requires a dynamic model with a short time period and thermal storage.  Previous 191 

work on micro CHP systems [17] indicated that time periods around 1 minute are needed to account 192 

for the operational cycles of IC based systems consequently it was decided to use this time period for 193 

our models.  194 

 The energy flows associated with each configuration were analysed. The main metric used to 195 

compare the energy requirements of the systems was the Non-Renewable Primary Energy 196 

Requirement (NRPER).  NRPER ratios of 1.02 for natural gas and 2.05 for grid-supplied electricity 197 

were used; this reflects work carried out for the realising transition pathway project [66]. 198 

  199 

A simplified thermal model of the house and heating systems was used reflecting , 200 



 the control system appropriate for each case and a secondary model to provide time series data on 201 

thermal gains and active occupancy.   202 

 203 

A modelling approach was used that integrated data taken from the outputs of a number of existing 204 

models.  The structure of the interlinked models is shown in Appendix 1 .The models were  205 

implemented using VBA. 206 

 207 

The gross calorific value of fuel and alternating current electrical flows (net of inverter losses) were 208 

used throughout.  209 

 210 

3.3.2  Modelling energy flows 211 

The heat transfers which were simulated are illustrated in Figure 1. This is a development of work 212 

presented by Cooper [30] such that it includes solar hot water systems and secondary heaters.  The 213 

simplified structure of the building model is justified on the basis that it is the comparison between 214 

results which is of interest here rather than absolute energy demands (which are, in any case, highly 215 

sensitive to uncontrolled factors such as occupant behaviour). 216 

 217 

 218 

 219 



Figure 1: Heat flows 220 

 221 

The heat transfer from the heat emitter system was assumed to be buoyancy-driven convection [36], 222 

scaled such that a flow temperature of 50°C was required to balance heat losses when the outside 223 

temperature was 0°C. The main thermal parameters are given in Table 3.  224 

Parameters for the building model were calibrated against temperature and heating profiles generated 225 

by a simulation of a typical semi-detached house, modelled using ESP-r by Dr. N. Kelly and Dr. J. 226 

Hong [34].   Simplified models of buildings have been shown to be capable of producing heat demand 227 

profiles with acceptable fidelity [35] and in this case a root-mean-squared temperature difference of 228 

less than 0.5°C was achieved between the two air temperature profiles.  229 

 230 

Table 3: Thermal parameters of building 231 

Parameter  Value 

Outer heat transfer coefficient 386 W/K 

Inner heat transfer coefficient   339 W/K 

Overall effective thermal inertia of mass 16.6 MJ/K 

Air infiltration rate   0.5 ACH 

Effective solar gains area   13m
2
 

Heat emitter coefficient (at 50°C)  231 W/K 

 

 232 

Note that these parameters were determined by calibration against the thermal lag and heat demand of 233 

the more detailed thermal model, not using a bottom-up approach based upon the properties of the 234 

building materials.  These figures are consistent with a typical UK two story semi-detached (Duplex) 235 

house built before 2000 which has undergone common insulation upgrades  resulting in the following 236 

construction: 237 

 cavity walls consisting of brick outer skin, 60 mm insulation and  light weight block internal 238 

skin, 239 

 studwork and plaster board internal walls, 240 

 20% glassed area fitted with UPVC double glassing units (these have been retrofitted to a 241 

large proportion of the UK housing stock), 242 

 suspended wooden floors which have fitted carpets on them, 243 

 pitched tiled roof with 100mm glass fibre insulation, 244 

 total floor area 85m
2
. 245 

  246 

From the Prometheus project [28] the City with a total heating degree day requirement closes to the 247 

UK average is Cardiff. Consequently time series of air temperature and solar irradiation data that 248 

Cardiff may experience in a typical year was used for the thermal modelling. 249 

 250 

Thermal and performance models of the SE-mCHP and large ICE-mCHP unit have been developed 251 

and calibrated by the IEA ECBCS Annex 42 and are used here [16, 17]. Thermal parameters for the 252 

small ICE-mCHP unit were estimated by scaling from the large unit and efficiency data was gathered 253 

from [31]. The same model structure was used for the ASHP and SOFC-mCHP units.  however the 254 



dynamics of the SOFC-mCHP unit are dominated by technological constraints rather than the heat 255 

transfers constraints. 256 

Interpolation methods were used to determine the efficiencies of the units under different operating 257 

conditions. In the case of the ASHP units, it was the exergy efficiency at known test conditions [32] 258 

which was interpolated (rather than COP) in order to improve accuracy. Efficiency data for the 259 

SOFC-mCHP unit was taken from [33]. 260 

In configurations with buffer tanks, heat transfers into the tank were modelled as having a 5°C 261 

temperature difference between the flow and return temperature. When more than one heating unit 262 

was used with a buffer tank, these heat transfers were arranged in parallel (i.e. independent of 263 

 each other). When more than one heating unit was used in configurations without buffer tanks (i.e. 264 

direct heat transfers to emitter system), the heat inputs were arranged in series with the flow rate 265 

adjusted to maintain a 5°C difference across the primary heater’s heat exchanger and the temperature 266 

difference across the secondary system determined by the corresponding heat transfer rates. In these 267 

configurations, the arrangement was such that the ASHPs supplied heat at the lower temperature 268 

position in order to maximise overall performance. 269 

 270 

 Heat input to the solar hot water system was taken to be a function of its internal fluid temperature 271 

and the radiation intensity. Irradiation intensity was modelled as a function of the geometry and 272 

location of the collector and of the weather. Further details of these functions are available in [25]. 273 

The collector was modelled as a 4m2 unit, facing south at an angle of 35° to the horizontal, at the 274 

latitude of Cardiff, UK (51.1°N). The output from the solar hot water system was not actively 275 

controlled and was assumed to be fed to the buffer and domestic hot water (DHW) tanks through a 276 

heat exchanger. 277 

 278 

Dynamic appliance and lighting demands were modelled using the “CREST active occupancy and 279 

appliance model” [37], resulting in a total annual electrical demand of 3760kWh. The profile from 280 

this model was also used to provide internal gains for the dwelling, assuming standard metabolic rates 281 

(ISO 2005) and three residents in each house. Daily hot water demand was taken from empirical 282 

studies [38] and distributed according to the active occupancy [37].  283 

 284 

3.3.3  Control system 285 

 286 

 The space heating was controlled to aim for a temperature of 20°C between 287 

 07:00 and 22:00 and 16°C at other times.  288 

 289 

In configurations without buffer  tanks, the space heating control system used a proportional control 290 

 strategy. That is, the system requested a heat flow proportional to the difference in temperature 291 

between the program and the inside air temperature. The gain was set such that the losses consistent 292 

with an outside air temperature of -1°C would cause a 1°C offset from the profile temperature. 293 

 294 

 In configurations with a buffer tank, a single on-off control (equivalent to a thermostat with a 295 

deadband of +/-1°C) was used to manage heat flows to the heat emitter system. The control system 296 

aimed to maintain the buffer tank at a temperature which varied with the outside air temperature. That 297 



 is, the target temperature for the buffer tank decreased linearly from 55°C to 25°C as the outside air 298 

temperature increased from -2°C to 15°C. This is equivalent to the “weather compensated” control 299 

arrangement used with some ASHP systems. The heat generation requested by the control system was 300 

 calculated using a proportional control strategy based upon the difference between the buffer tank 301 

temperature and its target temperature. 302 

 303 

 The heating units have finite capacities and varied ability to modulate their output. The heat actually 304 

generated by the primary heating unit in response to the signal from the control system did not 305 

necessarily matchthe demand. When a secondary heating unit was available, a signal 306 

 requesting the net unmet demand was sent to the secondary unit. A deadband of 500W was used 307 

when the secondary system was an ASHP. Because the gas boiler secondary units were modelled with 308 

very high capacity and low thermal inertia, the deadband used with them was increased to avoid 309 

 unstable behaviour. In real installations this duty may be performed by a secondary thermostat or 310 

manual intervention by the occupier. 311 

 312 

 The ramp rate of the SOFC units was limited to the equivalent of a 10 hour start to full capacity time. 313 

They were therefore run continuously with their outputs maintained in the range 75% to 100% 314 

electrical capacity. 315 

 316 

 Daily domestic hot water (DHW) demand was taken from empirical studies [38] and distributed 317 

according to the active occupancy [37]. This demand was drawn from the DHW tank and did not 318 

directly affect control of the heating units. Heat transfers to the DHW tank occurred in parallel with 319 

the other heat transfers (i.e. independently of flows to the buffer tank or heat emitter system) 320 

whenever the temperature of the DHW tank was below its maximum and the flow temperature from 321 

the heating system was sufficiently high to supply heat. If the temperature of the DHW tank dropped 322 

below its minimum, the heating system was operated at maximum capacity, without transfers to the 323 

space heating system, until the DHW tank temperature was restored (deadband of 10°C). 324 

 325 

3.4 Environmental analysis –life cycle assessment 326 

The Life Cycle Assessment (LCA) environmental management tool was developed in order to 327 

identify and evaluate the environmental impacts of a product or system that result from each stage of 328 

its complete life cycle.   . The system configurations analysed here, were modelled using the software 329 

package SimaPro v7.3 [43] , allowing the manipulation and examination of the system input-output 330 

data in accordance with the ISO LCA Standards [71,72].  SimaPro is a product system modelling and 331 

assessment program developed in 1990 at the Institute of Environmental Sciences (CML), Leiden 332 

University, The Netherlands [73], and is now widely used by both academic and industrial 333 

researchers.   A consequential LCA was conducted using the impact assessment methodology ReCiPe 334 

(midpoint H v10.1)  [67].  335 

The LCA considered the following 11 environmental criteria: 336 

 green house gas emissions 337 

 fossil fuel depletion 338 

 human toxicity 339 

 photochemical oxidant formation 340 

 particulate matter formation 341 

 ionising radiation 342 



 agricultural land occupation 343 

 urban land occupation 344 

 natural land transformation 345 

 water depletion 346 

 metal depletion 347 

The system boundaries consider the impacts of material and fuel extraction and system manufacture, 348 

transportation, installation, operation and maintenance.  As only the operational and environmental 349 

performance of the listed technologies was analysed the impact associated with any existing 350 

infrastructure (radiators, for example, or any resource demands by the building or its occupants) is not 351 

considered in this study.  352 

For each of the technologies considered, the data has been sourced from the ecoinvent 2.0 database
 

353 

[44] (which was customised where appropriate to represent UK specific installations), publicly 354 

available technical manuals from system manufacturers [16, 17, 55, 68, 69, 70], published literature, 355 

and existing LCA models [41].  The impacts resulting from decommissioning and recycling are 356 

omitted from the system boundaries of the study due to inconsistent availability of appropriate 357 

empirical data for some of the technologies analysed. 358 

The configurations considered would benefit from the reduction in environmental impact associated 359 

with the displaced grid electricity.  It was decided to consider a relatively environmental benign grid 360 

mix in order to produce a conservative estimate of these benefits.   Consequently the electricity 361 

generation was accounted for by using the Transition Pathways 2020 dataset for the Thousand 362 

Flowers (TF) scenario [14], this has an estimated grid carbon intensity of 390 g/kWh.  This dataset 363 

was modelled as part of a full LCA evaluation of the three pathways for a low carbon UK energy 364 

future developed by the Transition Pathways Consortium [66]. This analysis examined and accounted 365 

for all upstream and operational activities right through to the point of delivery to the consumer.  The 366 

2020 Thousand Flowers future is based on an electricity system transitioning to a civic led energy 367 

sector where more electricity is generated by means of distributed generation; making up 28% of total 368 

generation in 2020 and rising to over 55% in 2050. Traditional large scale generation is replaces with 369 

both Natural Gas CHP and renewable fuel CHP (predominately Biogas). A high growth in both 370 

onshore and offshore wind is witnessed, while nuclear capacity is greatly reduced. The dependency of 371 

the UK on imports is seen to grow while overall demand reduces due to energy efficiency measures, 372 

and more responsive and engaged consumers. The Thousand flowers scenario produced the highest 373 

overall reduction in GHG emissions of all three pathways, both in terms of the overall system, and per 374 

kWh of electricity produced [14] .    375 

3.5 Financial appraisal 376 

3.5.1 Assessment Criteria 377 

A financial appraisal considers the economic viability of a project from the owner’s perspective.  It 378 

excludes consequential external costs and benefits with the exception of government subsidies.  The 379 

broader external consequences are discussed in the life cycle assessment analysis.   Some of the 380 

options considered qualify for payments under the renewable heat incentive (RHI) [45] which is 381 

payable over 7 years and some qualify for FIT payments which are payable over 20 years[46]  382 

Consequently it was decided to use the net present value (NPV)  to compare the different cases where: 383 

𝑁𝑃𝑉 = −𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑐𝑜𝑠𝑡 + ∑
𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑛𝑐𝑜𝑚𝑒−𝑎𝑛𝑛𝑢𝑎𝑙𝑐𝑜𝑠𝑡

(1+𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑟𝑎𝑡𝑒)𝑌
𝑌=20
𝑌=1     equation 1 384 



Where Y is the year 385 

The UK FIT scheme is designed to give the owner a real rate of return of 3% (i.e. rate of return after 386 

inflation) [47].  The RHI assumes that the owner will have to pay 7.5% interest on the capital used for 387 

the installation, if inflation is kept at the Bank of England Target of 2% this equates to a real rate of 388 

interest of 5.5%.  Both of these real rates of returns (3% and 5.5%) have been used as discount rates to 389 

illustrate the sensitivity of the analysis to changes in discount rates.  390 

As the installations provide a service rather than a product the NPVs are likely to be negative so they 391 

are more accurately considered as Net Present Cost (NPC).   The FIT and RHI schemes are political 392 

instruments that bias the true economic viability of the options.   A subsidy free NPC has also been 393 

calculated to see the impact of subsides.  In the subsidy free case it has been assumed that the 394 

“market” value of the electricity generated can still be realised. 395 

3.5.2 Capital Cost 396 

Capital costs for all technologies other than PV were taken from sources listed in table 4.  They are 397 

either online list prices, estimated cost from consumer advice web sites or taken from published 398 

papers.  The cost from published papers have been converted to Stirling at the average spot market 399 

exchange rate for the year of publication and inflated with the UK Producer price index (excluding 400 

tobacco, beverages and petrol) to 2012 prices. 401 

Table 4 capital cost of installed equipment 402 

Equipment cost Source references 

Condensing boiler £1673 49,49,50 

Ecodan W8.5 ASHP £4233 51 

Dachs IC  mCHP £15,000 23,52,53,54  

High performance ASHP £4656 Authors estimate 

Ecowill (Freewatt) IC mCHP £6,000 52,53  

Bluegen SOFC mCHP £23,724 55,56,57  

Whispergen  £4,046 23,52  

Solar water heating £4,000 58 

300l thermal store £1,455 59  

750l thermal store £1,989 59  

 403 

The ASHP  costs include a £500 allowance for installation cost.  The other sources gave estimates for 404 

installed cost. 405 

PV costs were calculated using the formula derived from estimates contained in the UK 2012 PV FIT 406 

review [60]: 407 

𝑐𝑜𝑠𝑡 = 1967 + 2.014Q   equation 2 408 

Where Q is the installed system rating in Watts. 409 

Equation 2 was used to calculate the cost of the PV systems that would be needed to provide the  410 

required CO2 offsetting for each case at different grid carbon intensities.  The installed capital cost of 411 

the heating systems and associated PV systems are shown in Table 5. 412 



Table 5 capital cost of installed equipment excluding  413 

Case 

number 

Installed 

capital cost 

of heating 

systems 

PV system 

installed capital 

cost for 

600g/kWh grid 

PV system 

installed capital 

cost for 

400g/kWh grid 

PV system 

installed capital 

cost for 

200g/kWh grid 

1 £1,683 £17,123 £20,635 £30,843 
2 £2,443 £18,491 £22,704 £35,016 
3 £7,138 £17,737 £21,559 £32,697 
4 £5,916 £14,823 £13,192 £7,973 
5 £4,233 £14,681 £11,969 £3,507 
6 £4,993 £18,474 £15,762 £7,300 
7 £9,688 £17,764 £15,052 £6,590 
8 £4,656 £12,070 £9,358 £0 
9 £16,989 £11,107 £19,891 £45,919 
10 £16,989 £10,565 £18,399 £41,574 
11 £9,672 £15,997 £22,842 £43,053 
12 £13,672 £15,138 £21,304 £39,476 
13 £12,222 £15,849 £18,985 £28,070 
14 £16,222 £14,898 £17,696 £25,762 
15 £27,396 £0 £14,229 £55,924 
16 £27,957 £0 £8,894 £38,037 
17 £29,946 £0 £10,357 £39,529 
18 £33,946 £0 £10,031 £39,198 
19 £6,035 £18,035 £23,763 £40,621 
20 £10,035 £16,552 £21,428 £35,730 

 414 

3.5.3 Operating cost 415 

Average UK retail price for gas in 2012 of 0.044 £/kWh and 0.1331 £/kWh for mains electricity were 416 

used to calculate the fuel costs [61]. 417 

An annual allowance of £100 was made for routine maintenance of the boiler and ASHP systems, the 418 

micro CHP maintenance cost were estimated using the formula: 419 

𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 = 100 + 0.01𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 £ equation 3 420 

Where generation is the annual gross electricity generation in kWh. Equation 3 is based on 421 

estimations in [52,54]. 422 

3.5.4 Income 423 

Income comes from FIT subsidy payments, savings in electricity purchased from the public supply, 424 

export payments for sales to the public supply and payments for heat production under the RHI 425 

scheme.    426 

The FIT payments for PV systems vary with the size of installation and were set at the following rates 427 

in 2012 (levels set following a review [60]): 428 

Under 4kW 0.1544 £/kWh, 429 



4kW to 10kW 0.1399 £/kWh 430 

Over 10 kW 0.1300 £/kWh 431 

Micro CHP plants with under 2kW output qualify for FIT payment of 0.1289 £/kWh, this rate has 432 

been assumed for all the micro CHP units. 433 

Export payments of 0.045 £/kWh [46] are be made on metered exports or 50% of generations in 434 

situations without export metering.    The rest is assumed to be used on site and so has an assumed 435 

value equal to the retail price.  This effectively gives a market value to the generation of 0.088 £/kWh.   436 

The RHI payments subsidise renewable heat generation; they are made for 7 years at the following 437 

rate [45]: 438 

Air source heat pumps 0.073 £/kWh 439 

Solar water heaters 0.19 £/kWh 440 

4 Results 441 

4.1 Energy Analysis 442 

Figure  compares the magnitude of the non-renewable primary energy requirements (NRPER) 443 

associated with the different configurations. Electricity generated by mCHP units is shown in terms of 444 

the reduction in the NRPER of the grid. 445 



 446 

Figure 2: Non-renewable primary energy requirements 447 

In the cases with mCHP (9 to 20) the house has been credited with the primary fuel equivalent of the 448 

grid electricity that the onsite generation has displaced. 449 

The SE-mCHP and large ICE-mCHP based systems achieve annual electrical efficiencies of around 450 

7% and 24%, respectively, consistent with other studies [16,17,23]. The use of gas in the secondary 451 

heater means that the electrical efficiency of the configurations based upon the SOFC-mCHP and the 452 

small ICE-mCHP  are lower than the published efficiencies for the mCHP units(from 51% to around 453 

39% for the SOFC and from 20% to around 13% for the small ICE).   454 

Figure 2 relates to the primary energy flows associated with the heating systems and domestic 455 

electricity consumption.  Figure3 shows the solar energy (in terms of thermal and electrical energy) 456 

delivered in each scenario. The solar PV capacities are selected to achieve the target net operational 457 

emissions with a grid CEF of 400 gCO2e/kWh.   458 



 459 

Figure 3 : Solar energy delivered 460 

The heat delivered by the solar thermal system decreases slightly when combined with the SOFC-461 

mCHP unit due to the higher tank temperatures that result from continuous operation of the SOFC. 462 

There is no inherent linkage between hot water demand and the availability of solar hot water 463 

consequently some of the collected solar energy is in excess of the daily demand.  This raises the 464 

thermal store temperature and increases the thermal losses consequently the heat required from the 465 

main heating system is only reduced by 80% of the heat collected by the solar systems. In the case of 466 

an ASHP system, the reduction in heat demand associated with the use of a solar thermal system is 467 

similar to the performance penalty associated with the use of a thermal store. 468 

The impact of changes in grid CEF on the required size of PV installation is shown in Figure 4.   469 

. 470 



Figure 4 PV installation size of different grid carbon emission factors 471 

The maximum system size required was 27kW but it is unlikely that a system this size could be 472 

installed on a domestic site. The maximum size of PV systems that can be installed on a property will 473 

vary between properties. It has been assumed that properties will have no more than 100m
2
 of surface 474 

area where PV panels could be mounted (this could be split between roof space and outbuilding or 475 

space frames above car parking area) this would give a maximum installation capacity around 15 kW 476 

consequently the scale of figure 4 has been truncated at 15kW to remove unrealisable installation.  It 477 

is worth noting that a typical domestic PV system in the UK is rated around 4kW and an 8kW limit 478 

may be more realistic in most cases. 479 

In the case of the grid with a CEF of 600 gCO2e/KWh the SOFC units generate sufficient reduced 480 

carbon electricity to offset the emission from the gas and grid electricity consumed by the household 481 

without the need for any PV generation.    Likewise the emission from using grid electricity  and  the 482 

high performance heat pump with the 200 gCO2e/KWh grid are under the target value so no PV 483 

generation is required.  484 

4.2 Environmental Analysis 485 

4.2.1 Green house gas emission  486 

The LCA produced estimates of the GHG emissions during the operational life time including those 487 

associated with fuel extraction and supply.  There is another source of emission associated with the 488 

equipment that is those emissions which were the result of the energy used during their construction 489 

(including material production) this is known as embodied emission (embodied climate change).  490 

Figure 5 shows the annual operational GHG emissions for the configurations, annualised GHG 491 

emissions (total embodied GHG divided by operational life) for both the heating systems and PV 492 

systems  and GHG emissions associated with coolant leakage from the ASHP.  493 

 494 



 495 
Figure 5 Green house gas emissions for configuration considered 496 

 497 

4.2.2 Fossil fuel depletion 498 

The total of the embodied and operational annualised fossil fuel depletion and GHG emission are 499 

shown in Figure 6.  The values have been normalised by those associated with the base case of a 500 

condensing boiler.  The fossil fuel depletion varies over a wider range than the GHG emissions.  This 501 

is because  the systems have been designed such that the operational emissions from burning gas are 502 

offset by emissions savings made by displacing grid electricity with low carbon electricity.  To offset 503 

the GHG emissions associated with 1kWh of gas requires the generation of 0.52 kWh of renewable 504 

electricity which will only offset 0.87 kWh of fossil fuel use so although the GHG emissions are fully 505 

offset the fossil fuel use is not. 506 

The situation in the heat pump cases is different as the high electricity consumption is offset by 507 

renewable electricity as such the GHG emissions and fossil fuel use will be offset by the same 508 

proportion.  However they also have GHG emissions associated with refrigerant leakage. 509 

 510 



 511 

Figure 6 fossil fuel depletion and green house gas emissions 512 

The base case in Figure 6 actually represents a 35% GHG saving on 1990 levels (mainly resulting 513 

from lowering in grid carbon intensity) consequently all the options produce significant GHG 514 

emission savings and a reduction in fossil fuel depletion.  515 

4.2.3 Water and Metal depletions  516 

Figure 7 shows that the use of heat pumps in configurations 4 to 8, 13,14 and 16 to 18 increases the 517 

metal and water depletion although in cases 16 to 18 this is outweighed by the reductions which are 518 

associated with the use of SOFCs to replace grid electricity.  This would indicate that the use of grid 519 

electricity is the main factor influencing water and metal depletion. 520 

 521 

Figure 7 water and metal depletion levels  522 
 523 

4.2.4 Other LCA impact factors  524 

The results for LCA for the other impact factors for each of the 20 cases have been plotted against the 525 

net grid electricity consumption for each case in Figures 8, this show that many of the impact 526 



categories can be approximated to linear functions of the net grid electricity used.  Consequently it 527 

can be deduced that  these impacts derive from the operations of the electricity grid rather than the 528 

micro generation systems themselves. 529 

 530 

Figure 8 impact of net electricity demand on LCA criteria 531 

The particulate emissions fall as the net electricity consumption increases, this is because the 532 

particulate emission rate per unit of GHG is higher for gas (2.75 g/kgCO2e) than for the offseting 533 

electricity (1.5 g/kgCO2e).  Consequently the particulate emissions associated with the gas only being 534 

partially offset by the export of electricity.  However all the configuration have  lower particulate 535 

emissions than the base case.  All the other parameters shown in Figure 8 have much higher values for 536 

electricity than gas and so their values increase with net electricity use. 537 

4.3 Financial Analysis 538 

Although the NPC gives an assessment of the life time costs its absolute value is not particularly 539 

meaningful to the reader.  To allow the cases to be easily compared, their NPCs have been normalised 540 

with the NPC of a gas condensing boiler and grid electricity so any value less than 100% represents 541 

an economically favourable option for the owner.  The owner will be entitled to subsidies so these 542 

have been included in the calculation.  However this is an artificial situation that will vary between 543 

countries.  Consequently the NPCs excluding subsidies have been included to get an indication of the 544 

true costs.  Figure 5 shows that different sized PV systems are required to achieve the target emission 545 

for differing grid CEF consequently the NPC for each case also changes with grid CEF.  The values 546 

for the different CEFs are shown in Figures  9-11 547 



 548 

Figure 9 ratio of NPC for low carbon system to standard system with grid intensity of 549 

600g/kWh 550 

 551 

 552 

Figure 10 ratio of NPC for low carbon system to standard system with grid intensity of 553 

400g/kWh 554 

 555 

 556 



 557 

 558 

 559 

Figure 11 ratio of NPC for low carbon system to standard system with grid intensity of 560 

200g/kWh 561 

Figure 11 only shows those configurations with realisable PV installation (see Figure 4). 562 

The estimated NPC may be one of the deciding factors for selecting a project to invest in but it 563 

assumes that sufficient funds are available to make the investment.  Another criteria that is significant 564 

for a home owner is the initial capital cost this is shown as multiples of the cost of a condensing boiler 565 

in Figure 12.  566 

 567 



Figure 12 capital costs as % of cost of gas condensing boiler 568 

Figure 12 shows that all the options are considerable more expensive than a simple condensing boiler.  569 

Figure 12 only show the capital cost expended by the owner.  The installation of micro generation 570 

technology will have an impact on the capacity requirement of the electricity supply system.  571 

Although these changes in system costs will be reflected in the electricity price their impact has not 572 

been considered in this analysis as it will depend on the total amount and type of micro generators 573 

installed. 574 

The other reason for high capital cost is the inclusion of relatively large PV systems.  The fraction of 575 

the capital cost represented by the PV system is shown in Figure 13. 576 

 577 

Figure 13 PV costs as % of total capital costs 578 

5 Discussion 579 

5.1 Technically available option  580 

Figure 4 indicates that in principal all the systems should produce the desired operational emission 581 

level.  However this may require unrealistically large PV systems if the grid CEF fall to a level close 582 

to the CEF for gas combustion.  If this happens the electricity generated by the mCHP systems will 583 

have a higher CEF than the grid consequently their electricity generation will not help offset the 584 

emissions from the gas they consume so a very large PV system will be required to offset their 585 

emissions.  In this situation only the ASHP options are implementable.  586 

The ASHP configurations have the lowest NRPERs, followed by those based upon the SOFC unit. 587 

For these configurations, the inclusion of buffer tanks and the associated control systems, increases 588 

the NRPER. The NRPERs for the configurations based upon the other mCHP units are similar to 589 

those required by the condensing boiler configurations, with minor savings achieved by the larger 590 

ICE-mCHP units.   591 

5.2 Financially viable options 592 

From Figures 9 to 11 it can be seen that the NPC including subsidies for the configurations using 593 

ASHP and SOFC mCHP systems are less than the cost of using a condensing boiler and grid 594 



electricity.  However the SOFC options cannot be realised with a low carbon electricity grid.  It is 595 

noticeable that the systems become more financially viable for the owner as the grid CEF reduces.  596 

This is a consequence of the FIT payment being set at a level where PV generation is profitable and 597 

the PV elements increasing in size as the grid CEF fall.    598 

This profitability is dependent on subsidies.  Configuration 8 is the least cost option if subsidies are 599 

not considered but it is a hypothetical system where as the equipment used in cases 4&5 is already on 600 

the market.   Case 4 includes a back-up boiler where case 5 relies solely on the ASHP.  The need for 601 

the back-up boiler will change with the level of insulation, climate and orientation of the property.   602 

NPV is only one tool for assessing the viability of projects and it assumes that the investor is able to 603 

finance all the options being considered.  It is clear from Figure 12 that all of the options are much 604 

more expensive than a condensing boiler.  The capital investment required for mCHP options are 605 

considerably higher than that for the heat pump options.   606 

5.3 Environmental performance 607 

5.3.1 Green house gas emissions 608 

The operational Green House Gas emissions (GHG) for all the systems are below the 1,558 kg CO2e 609 

target.  If the annualised embodied GHG   is also considered the emissions are considerably higher for 610 

all cases.   611 

The emissions associated with production of the systems varies considerable between the cases.   612 

However the following points need to be considered when interpreting these results;  613 

The GHG emissions associated with leakage from the heat pumps is an allowance which is based on a 614 

particular refrigerant and leakage rate.  It follows that this is an indication of the order of impact that 615 

leakage may have, not a measure of the actual impact.    616 

The embodied emissions from the manufacture of the PV systems makes up a significant part of the 617 

total embodied emissions. This is dependent on the technology used to make the PV panels which is 618 

still under development. The Inventory of Carbon and Energy ICE  [63]  gives a range of 132 to 440 619 

kgCO2/m
2
 for the embodied carbon for monocrystalline PV modules which reflects the diversity of 620 

production plants (the EcoInvent value used in the LCA was 194.88 kgCO2e/m
2
) so the embodied 621 

GHG emissions of  PV panels may be significantly different from those quoted.  Thin film PV panels 622 

which are starting to compete with monocrystalline panels have about half of the GHG emissions 623 

associated with their construction. 624 

The embodied emissions will all have been emitted at the time of manufacture and will be included as 625 

industrial sector emissions (much of which will occur in the country of origin of the equipment) so if 626 

they are added to the operational emissions there is a danger of double counting them in any global 627 

GHG inventory.      628 

The grid mix used as a basis for this analysis was the Thousand flowers 2020 generation mix which 629 

embodied GHG emissions are specific to that particular combination of electricity generators for this 630 

scenario. The TF 2020 system is significant different from the current UK electricity system and its 631 

underlining assumptions should also be taken into consideration when interpreting the GHG 632 

emissions of the consider cases.    633 



5.3.2 Other LCA criteria 634 

The outputs of the LCA need to be treated with some caution as they trade off the emissions which 635 

would have been made if the electricity was produced by the grid against the emissions associated 636 

with onsite generation.  This is valid for operational emissions but it is only valid for embodied 637 

emissions if the displaced power plant is not built.  A large number of consumers owning mCHP units 638 

may reduce the electrical peak demand which reduce the need to build more power stations, but PV 639 

generation in the UK does not occur at times of peak generation so will not reduce the need for new 640 

power stations.  This may mean that some of the benefits shown in Figures 9 and 10 will not be 641 

realised.  However it is clear from Figure 9 and 10 that the options considered are unlikely to have a 642 

disproportional detrimental impact on the environment. 643 

5.4 Impact of solar water heating 644 

From Figures 2 and 4 it can be seen that the energy collected by the solar water heaters is less than 645 

10% of the total primary energy consumption of the house.  This is consistent with the performance of 646 

this size collector in earlier studies [65]. The reduction in the NRPER which is achieved by the use of 647 

the SHW heaters is often outweighed by the performance penalty associated with the requirement that 648 

the primary heat system feeds into thermal store. Consequently the inclusion of solar water heating 649 

only produces a relatively small reduction in the size of the PV systems required to bring the 650 

emissions down to the desired level.  It is noticeable that the SHW options all have a higher NPC than 651 

the equivalent non SHW options.  It is possible that with seasonal control algorithms and larger SHW 652 

systems the proportion of primary energy supplied by the SHW could rise to 20% [20] but this is 653 

unlikely to produce a significant change to the viability of any of the options.   654 

6. Conclusions 655 

It is both practical and economically feasible for a homeowner to reduce their net operational GHG 656 

emissions by 80% of the 1990 values by using combinations of micro generation equipment to supply 657 

their heat and electricity demands.  However when LCA analysis is considered it was found that the 658 

true GHG emissions would be nearer to 25% once embodied GHG emissions are considered.   659 

On further investigation it was found that the majority of the embodied GHG was in the PV panels 660 

and that it may be possible to select panels with lower embedded GHG emissions if this data were 661 

generally available. If/when thin film systems become competitive they will provide an option to 662 

lower the embodied GHG emissions. 663 

The number of options available depends on the grid CEF.  As the grid becomes less carbon intensive 664 

the amount of grid electricity that needs to be displaced by PV generation to balance onsite use of 665 

natural gas becomes excessive.  666 

It would appear that the solution that are future proved against falling grid CEF are the heat pump 667 

configurations 4 and 5 these also seem to be the best credible  finical option.  It is likely that the 668 

ongoing developments of heat pumps will further improve their viability as demonstrated by case 8.  669 

They are also the lowest cost choice if the effects of subsidies are ignored.   670 
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Appendix 1 877 

There are a number of open access or fully described, verified  models for domestic energy 878 

demand and heating system performance available in the public domain.  We have 879 

endeavoured to use these where appropriate and use their outputs in our modelling.  The 880 

basic relationships between the models used is shown in the following diagram.  881 
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Occupancy level 

 from CREST model [37] 

Electrical load 

from CREST 1minute 

resolution load profile 

generator [37] 

Weather Data 

from typical year data for 

Cardiff taken from the 

Prometheus project [28]. 

Microgenerator performance 

Based on IEA ECBCS Annex 42 

[16, 17]. 

Solar Water Heating 

hourly performance model [25] 

Domestic hot water demand 

from monitoring programme [38] 

Total gas demand 

House thermal load 

Simple single point thermal inertia model calibrated against 
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Net demand for grid electricity 

CO2 offsetting calculation using PV 
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