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Abstract: The UK Government has ambitious targets for CO, emissions reductions,
particularly for the domestic housing stock. One technology that is expected to contribute
significantly is heat pumps, both air and ground source. However, recent field trial results
suggest that heat pumps in the UK are not delivering to performance expectations. This
paper looks at the implications of these results for the UK housing stock’s future CO,
emissions. The English Housing Condition Survey dataset is used as the basis for a Monte
Carlo simulation in order to model CO, emissions and energy consumption for the whole
of English housing stock out to 2050. The results suggest that, given the current UK
electricity grid CO; emission factor, in the short term poor heat pump performance could
lead to a rise in emissions where natural gas boilers are displaced. In the longer term, heat
pumps can realise emissions reductions when installed at high penetration levels when
combined with a grid decarbonisation strategy. Until grid decarbonisation occurs, an
alternative phased strategy is proposed that includes phased replacement of resistive
electric heating, first in households in fuel poverty and then the remainder of properties
with this heating type. Following this phased strategy, real emissions savings are possible
along with a potential reduction in fuel poverty.

Keywords: heat pumps; Air Source Heat Pumps (ASHP); Ground Source Heat Pumps
(GSHP); Standard Assessment Procedure (SAP); Monte Carlo; English Housing Condition
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1. Introduction
1.1. Context

It is widely accepted that global climate change is predominantly due to the emissions of
greenhouse gases (GHG), 75% of which is attributable to CO, [1]. In the United Kingdom, 47% of
CO, emissions are due to the production of heat [2], with a significant contributor to that total being
the domestic sector [3]. One means of reducing CO, emissions is via a greater use of renewable energy
technology both in the production of electricity and heat. As part of the EU 2020 renewables targets,
the UK is aiming for 12% renewable heat [4], 22% of that being from the domestic sector. Studies
conducted to support the Government’s analysis estimates that by 2020, 7.1% (4.7 TWh per annum) of
this domestic renewable heat could be delivered by heat pumps (4.7% from air source, 2.4% ground
source) [5]. A later report published mid-2011 has extrapolated models to 2030 with heat pumps in the
residential sector predicted to be 55%—75% of all installations [6].

2. Current Situation
2.1. Heat Pump Performance—The Expectation

UK projections are predicated on the assumption that air and ground source heat pumps perform at
efficiency levels of 250%—-275% and 315%—385% respectively [6]. These levels of performance are
consistent with the assumptions in widely used domestic energy models published by BRE, e.g.,
BREDEM [7], and the Governments own energy performance measure of dwellings, the Standard
Assessment Procedure (SAP) [8] (SAP itself being a simplified BREDEM model) with values of 250%
for air and 320% for ground source. Manufacturers tend to present more optimistic performance levels
for air source of up to 350% [9] and up to 420% for ground source [10]. Furthermore, many energy
models developed for academic research, particularly those focusing on UK housing stock and carbon
emission scenarios, often use the BREDEM models at their heart, e.g., UKDCM, DeCARB, CDEM [11].

Across all sectors (i.e., residential and non-residential) a predicted total of 66 TWh of heat could be
generated from renewable sources by 2020 with 18 Mt of CO, abated as a result [6]. This projection
gives no breakdown of the CO, abatement contribution from heat pumps; however, air source heat
pumps (ASHP) are projected to contribute 40% of the total by 2030 in the residential sector for a
medium abatement scenario [6].

With 85% of heating installations currently being natural gas central heating [12], given the 2030
installation levels being considered, heat pumps will be displacing significant amounts of gas central
heating. The UK’s Energy Saving Trust (EST) states that ASHPs may emit more CO; than a baseline
mains gas boiler system supplying both space and water heating, with Ground Source Heat Pumps
(GSHP) being comparable with gas under real operational conditions study [13]. Therefore it is
difficult to identify how heat pumps could contribute to such significant CO, reductions as forecast.
On the other hand, this report confirmed that most heat pump installations had lower emissions than
the other non-gas grid connected heating alternatives, hence the identified contribution that ASHP’s
can make to CO, abatement. In support of this, the aforementioned Office of Climate Change (OCC)
report [3] also identified that the main opportunity for renewable heat, from an economic perspective,
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lies in off gas grid properties. Furthermore, other modelling studies have also identified ASHPs as
yielding more CO; savings than other low-carbon micro-generation heating technologies examined in
the same study [14].

2.2. Heat Pump Performance—The Reality

There is a lack of published field trial data for heat pump installations in the UK, with specific
studies focusing on user perception (e.g., internal warmth, ease of operation) and economic benefits
rather than heat pumps performance in terms of efficiency [15-17]. In 2010 the EST [17] published a
field trial report on heat pumps in the UK that identified that heat pumps performed at efficiency levels
between 160%—-220% and 180%—-300% for air and ground source respectively, as illustrated in Figure 1.
One other study conducted by Croft [18] had results broadly consistent with EST data. When the
published studies are investigated more closely, it is concerning that many of the sites studied are
clustered geographically and there is no indication whether this may skew the results in terms of
ambient temperature, humidity, exposure, etc.

Figure 1. Energy Saving Trust (EST) field trial results. Data derived from [17].
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A study in New Zealand [19], which has a similar climate to the UK, investigated the energy
performance of ASHP water heaters (i.e., no space heating) both in real-world installations and
corresponding models, confirmed that efficiency can drop to as low as 100%—150%, for water heated
to 60 °C and for an ambient temperature of 5 °C. This observation is consistent with other ASHP water
heater studies [20] that compared performance with an increasing difference between ambient air
temperature and water output temperature.

Studies carrying out sensitivity analyses on energy efficiency measures and CO, emissions [21]
identified that modest changes in boiler efficiency (baseline efficiency 70%) of +£10% could result in
CO; emissions varying by 5%. Furthermore, heating demand temperature and external temperature
sensitivity analysis also contributed to variations of CO, emissions by up to 15% and 5% respectively,
however this was only as an influence on heat loss calculations and not as an influence on the heating
source efficiency, as in the case of heat pumps.

The sensitivity analysis conducted by Firth [21], ASHP studies and modelling by Pollard [19] and
the early EST field trial [17] evidence is of concern because, although some of these discrepancies are
recognised in The Renewable Energy Review [6], the Government models still appear to be very
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optimistic with regards future performance and do not recognise the potential significant impact that
poor performance of heat pumps could have on Government renewable and CO, abatement targets.
Furthermore, the current modelling methods and Government strategies tend to focus more on absolute
values rather than looking at the probability distribution of emission levels or market penetration, for
example, which is supported in work by Strachan [22].

In order to address these shortcomings, this study will use field trial data along with Monte Carlo
analysis of heat pump efficiency and data from the English Housing Condition Survey (EHCS) [12] to
ascertain the potential scale of the discrepancies of heat pump performance and introduce CO,
emissions and energy consumption probability distributions in to the modelling outputs.

3. Methodology
3.1. Standard Assessment Procedure (SAP)

The UK Government’s recognised methodology for calculating the energy performance of
dwellings, and hence CO; emissions, is SAP 2005 [8]. SAP is based on the BRE Domestic Energy
Model (BREDEM) [7] which provides a framework for the calculation of energy use in dwellings. The
method underpinning SAP was first published by the Government and BRE in 1993 and was updated a
number of times until the publication of SAP 1998. As this study concentrates on the Government’s
own forecasts for CO, emission reduction and heat pump penetration, it is appropriate to use SAP
2005 [8] for the analysis.

Whilst a number of assumptions and generalisations are used within SAP, it does produce a
reasonable estimate of the energy needs and CO, emissions for UK housing when compared with more
complex BREDEM models in that output values are similar despite the more simplified SAP
methodology. A significant simplification is that SAP does not consider geographical location, so that
any given property will yield the same result regardless of where it is located. This is important for this
study, as location has been shown to be an important factor that affects CoP values [23]. However, due
to the geographically clustered nature of the heat pump performance dataset used here, the influence of
location on outputs in the present study is not significant. Furthermore, the sensitivity analysis
conducted by Firth [21] supports the use of a simplified model as it identified that in BREDEM the
most significant factor on heat pump CoP is external temperature in comparison to, for example,
building configuration.

Despite the influence of external temperature on the outputs, no model identified during this study
considers the effect that ambient temperature has on the efficiency of the heating system itself, i.e., it is
only considered as part of the heat loss/gains calculation, therefore there is no way to properly model
the influence of external temperature on the performance of a heat pump fitted property. This is an area
that should be considered in further developments of BREDEM models as heat pump installations
become more widespread.

The SAP inputs for heat pump and gas boiler performance were derived using a Monte Carlo (MC)
modelling approach by producing a range of values following a particular probability distribution that
broadly matched the heat pump distribution described previously.
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In order to ensure that the results in this study were representative of the UK housing stock, the
English Housing Condition Survey (EHCS) dataset from 2007 to 2008 was used, which contains data
for over 16,000 properties. As such, the EHCS data along with some standard SAP assumptions were
used as the primary input data for the SAP model. It should be noted that a shortcoming identified with
the EHCS data was that the basis for certain assumptions were not available, such as that for the EHCS
energy efficiency models.

3.2. Modelling Heat Pump and Gas Boiler Efficiency

Although the cumulative dataset from the various field trials is relatively small, it did provide an
indication of the performance distribution for heat pumps, and a gamma distribution was ascertained to
be a representative Monte Carlo (MC) input distribution for the efficiency of GSHP and ASHP.
Subsequently gamma MC distributions were produced using the mean and standard deviation values
shown in Table 1 as the definition factors for the distributions.

Table 1. Monte Carlo parameters for heating system performance.

Heating System Performance

Modelling Scenario Mean Standard deviation Mean Standard deviation

Present 2030
Field Trials ASHP 215% 55% - -
Field Trials GSHP 234% 50% - -
ASHP COP 2.0 200% 55% 200% 55%
ASHP COP 2.5 250% 55% 250% 55%
ASHP COP 4.5 450% 55% 450% 55%
Gas Boiler 76% 10% 93% 10%

The MC heat pump performance distributions were then applied as the heating system efficiency
parameters for the SAP calculation with the EHCS dataset to produce a distribution of the energy
requirement for a representative snapshot of the UK housing stock. To provide reference output
distributions with which to compare the heat pump data, a gas boiler reference was modelled using a
MC weibull distribution with the values shown in Table 1, along with an electrical resistive heating
reference using a degenerate distribution of 100%. The input distributions for heat pump and boiler
efficiencies are shown in Figures 2 and 3.

In addition to heat pump input distributions matching the field trials dataset, further distributions
were produced in order to evaluate the sensitivity of the outputs to variations in the MC distribution
mean input values for both heat pumps and gas boilers. It was considered unnecessary to evaluate the
performance of both heat pump technologies as their input distributions were very similar as illustrated
in Figure 2. The values described in Table 1 were chosen to represent:

e ASHP COP 2.0—A poor performing heat pump;
e ASHP COP 2.5—Heat pump performing as per SAP/BREDEM default;
e ASHP COP 4.5—Heat pump performing at the level expected by 2030 [6].
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Figure 2. Heat pumps Monte Carlo (MC) performance input distribution.
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Figure 3. Gas boiler MC performance input distribution.
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3.3. Annual Energy Consumption and CO, Emissions

343

The total annual energy consumption per property was calculated which included all items

contained within the SAP model, i.e., Primary space and water heating, secondary resistive heating

(e.g., fan heater), central heating pumps, lights and appliances. Total annual CO, emissions per

property were calculated using the total energy consumption and the CO; emissions intensity values of

the national electricity and gas grids [24], also shown in Table 2. It should be noted that the projected

electricity grid emission factor for 2030, though consistent with UK Government projections, is subject

to considerable uncertainty given possible future scenarios relating to political, social and

techno-economic factors [25]. Importantly, these include risks and uncertainties related to the

development of the UK’s proposed fleet of new nuclear generation facilities.

Table 2. Energy source emissions factors.

Energy Source

Emissions Factor (kg CO, per kWh)

Electricity Grid—Present
Mains Gas Grid—Present
LPG—Present
Oil—Present

Electricity Grid—2030

0.55
0.19
0.21
0.27
0.05
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Probability and cumulative distributions of total annual property energy consumption and CO,
emissions were produced in order to illustrate how heat pump technologies performed when compared
with traditional gas boiler central heating and electrical resistive heating. A cumulative distribution
was also produced to illustrate the performance that could be expected of the majority of properties.

In order to ascertain how the variability of performance of heat pumps may affect emissions with
penetration levels of 55% and 75% (equivalent to 12.1 million and 16.5 million installations
respectively) and the planned decarbonisation of the electricity grid, the mean energy consumption for
the 16,000 EHCS properties was extrapolated to cover the entire English housing stock of
22 million properties. By 2030 it is expected that the English housing stock will have grown to
27 million properties; however with the forthcoming tightening of building regulations in 2016 [26],
the extra 5 million properties are assumed to be zero carbon, i.e., no CO, emissions [27]. As a result of
this assumption, all the comparison scenarios consider the 22 million properties in the current housing
stock only and then project their emissions performance to 2030.

A baseline measure was used that represents the current housing stock; based upon the EHCS
(16,000 properties), there is broadly a split of 85% gas central heating and 15% non-central resistive
electric heating [12,28], along with other heating types such as oil or LPG boilers and district heating.
However, these are of a sufficiently small penetration (<3%) to be disregarded in this case.
Furthermore, the total average heating efficiency across the housing stock is cited as being 74% [28],
which is broadly consistent with the current UK gas boiler efficiency benchmark, and the emission
factors for LPG and oil (the other non-gas grid yet centrally heated heating sources), Table 2, are close
to that for natural gas.

4. Results and Discussion
4.1. Validation

Before analysing the output data in depth, validation of the SAP-based model was carried out.
Comparing the material and ventilation heat loss values for 2006 from the Domestic Energy Fact File
2008 (DEFF 08) [28] with those from the model, a total variation of around 2% is evident. This
indicates an acceptable level of accuracy. The large discrepancy for the heat loss value for the roof
could be down to the fact that the assumption for the roof area may be incorrect as well as the
assumption that the entire roof area has the same level of insulation. Despite this discrepancy, the other
individual values and the total are within acceptable limits of the DEFF 08 values.

A heat loss value that is included in the model that is excluded from DEFF 08 is that for thermal
bridging. At a mean of 30 W/K, this value does make a reasonable contribution to the mean total heat
loss parameter (280.7 W/K). This is an oversight that should perhaps be considered with later
publications of DEFF.

A second output parameter that bears comparison with DEFF 08 values is that for total annual
energy consumption per household for that part of the model that considered a gas boiler installation at
a mean efficiency of 76%. As can be seen in Table 3 there is only 1% discrepancy, thus once again
indicating the model is producing meaningful results.
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Table 3. Model validation comparison.

Average Dwelling Heat Loss W/K
DEFF 08" Model Difference

Walls 97.1 98.7 2%
Windows & Doors 61.5 64.3 4%
Roof 18.6 154 —21%
Floor 20.5 21.0 2%
Ventilation 49.0 51.2 4%
Total 246.7 250.6 2%

Average Annual Dwelling Energy Consumption (kWh)
DEFF 08 Model Difference
Total 20,305 20,466 1%
* Domestic Energy Fact File 2008 [28].

Firth [21], using an older EHCS dataset from 2001 and a modified version of the BREDEM-8
model called CDEM, showed an average dwelling heat loss value of 261 W/K and an annual energy
consumption of 23,989 kWh across all 21,000 dwellings in the dataset. The model developed for this
study compares well with this, as properties have seen efficiency improvements over the intervening
years between the two EHCS studies. Furthermore, DEFF 08 gives values for 2001 as 268 W/K and
22,472 kWh respectively, both values very close to those from Firth, indicating that DEFF 08 is a
reasonable benchmark to evaluate the validity of BREDEM based models. A further validation for
DEFF being used as a benchmark is found in work by ECI [29] which gives annual household energy
values from two different models of 22,606 kWh for 1996 and 22,335 kWh for 2000 compared with
DEFF values of 23,139 kWh and 21,964 kWh respectively—a 2% and 3% deviation from DEFF.

Whilst not the primary focus of this study, it was considered important to evaluate the total energy
consumption per property, including all thermal energy requirements, along with lights and appliances
as calculated by the SAP model. When total annual energy consumption is evaluated, the results
highlight that even poorly-performing heat pumps contribute to a significant reduction in total
consumption per property. This is illustrated in Figure 4, where the maxima for both heat pump
technologies is significantly lower than those for electric and gas heating respectively. The cumulative
distribution also identifies that around 85% of heat pump-fitted properties will consume less than
10,000 kWh energy compared with only 15% of gas boiler fitted properties and 30% of electrically
heated properties.

Figure 4 also shows the mean annual energy consumption for heat pump-fitted properties as being
between 8200 kWh (GSHP) and 8900 kWh (ASHP), whereas that for gas boiler fitted properties is
20,400 kWh. This is a reduction in annual energy consumption of between 56% and 60% when
compared with gas boilers. A further comparison was made with electric resistive heating operating at
100% efficiency, this being representative of properties that are not on the gas distribution network.
For these properties, the mean annual energy consumption is 15,650 kWh. This represents a 43% and
48% reduction in consumption for ASHP and GSHP-fitted properties respectively (Table 4).

Although non-thermal energy use is included in the total, this on average is around 800 kWh (based
upon the floor areas of the properties) and so only has the effect of shifting the curves slightly to the
right. However, the basic profiles remain the same when a comparable plot was produced that
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excluded non-thermal energy requirements. Lights and appliances are a larger percentage of the overall
energy consumption for heat pump fitted properties due to the fact that these properties use less energy
for the same thermal load than the equivalent gas boiler fitted property. Despite this, it does not
significantly affect the results. Removing one element of the energy consumption of a property would
not provide a realistic picture, particularly as the presence of lighting and appliances contributes to the
overall heat gains for the property—i.e., if it is included for heat gains, it should remain for
energy consumption.

Figure 4. Annual energy consumption per property.
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Table 4. Annual energy consumption per property fitted with different heating technologies.

P t
. Mean Annual ereentage Percentage Decrease
Heating Mean Decrease .
Technolo Efficienc Energy Compared Compared with
ici
By y Consumption (kWh) ) P Resistive Electric
with Gas
Gas Boiler 76% 20,400 - -
Resistive Electric 100% 15,650 23% -
Air Source HP 215% 8,900 56% 43%
Ground Source HP 234% 8,200 60% 48%

Although from an energy consumption perspective, heat pumps operating even at a relatively low
level of expected performance realise fairly significant reductions in energy consumption, the
increased running cost implication of these results is significant; despite the reduction in energy use,
the higher cost of electricity compared with gas, not to mention the capital cost of the heating
hardware, may negate any perceived financial savings. These results are only likely to be of interest in
terms of planning nationwide power generation strategies as a reduced electrical energy requirement
translates to a reduced power generation capacity, i.e., less power stations. The results could be of
interest when targeting non-centrally heated properties once the cost of energy is factored in.
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4.2. CO, Emissions for Individual Properties

When CO; emissions are considered, by contrast the performance of the heat pumps has a very
significant influence on the overall performance of the properties. Using CO; emission factors of 0.545
and 0.185 kg CO, per kWh of grid electricity and natural gas respectively [24], the distributions shown
in Figure 5 are produced.

Figure 5. Annual CO, emissions for heat pumps operating at field study levels of performance.
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These distributions illustrate that with heat pumps operating at the levels of efficiency indicated by
the field trials, total property CO, emissions are very similar to that of a gas boiler fitted property.
Looking closer at the results in Table 5, both heat pump technologies show higher CO, emissions than
gas boiler fitted properties, with mean annual emissions of 4485 kg CO, per year compared with
4858 kg CO, for ASHP and 4512 kg CO», an 8% and 1% increase in emissions respectively.

Table 5. Annual CO, emissions for properties fitted with different heating technologies.

Percentage Percentage Decrease
Heating Me.an Mean.Afmual CO, Increase Compared with
Technology Efficiency Emissions (kg) Co.mpared Resistive Electric
with Gas
Gas Boiler 76% 4485 - -
Resistive Electric 100% 8533 90% -
Air Source HP 215% 4858 8% 43%
Ground Source HP 234% 4512 1% 47%

This similarity between gas boiler and heat pump emissions is due to the fact that the emissions
factor for the electricity grid is around 3 times that of natural gas; therefore with heat pumps operating
at 3 times the efficiency of gas boilers the distributions are similar.

Referring to the cumulative distribution curve, it can be seen that 70% of properties have emissions
at or below the headline mean values which illustrates that focusing solely on mean values is not
sufficient for an accurate analysis. Further studies of the data may be able to identify the characteristics
of the 30% of properties that are above the mean in order to better target efficiency and technology
measures that may have greatest impact. When the distributions are compared with electric resistive
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heating, there are significant reductions in emissions of between 43%-47% with heat pump fitted
properties as shown in Table 5.

In order to evaluate the impact of heat pump operational efficiency on property CO, emissions,
further analysis was conducted by adjusting the input mean of the MC distribution as described in
Section 3.2 with the values shown in Table 1. The outputs of this sensitivity analysis are illustrated in
Figure 6. As observed previously for ASHPs operating at performance levels recorded in field trials,
CO; emissions are similar to or worse than a gas boiler fitted property. When performance is assumed
to be at the level assumed by BREDEM and SAP models (250%), emissions are still only comparable
with a gas boiler operating at current mean levels of performance, i.e., 76% efficient.

Figure 6. Annual CO; emissions for ASHPs.
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If performance levels are assumed to be those expected in 2030, i.e., 450%, there is a much greater
reduction in emissions. Operating at this level of performance, mean annual emissions reduce to
around 2840 kg CO,, a fall of 40% when compared with a gas alternative. In addition, the cumulative
distribution indicates that 70% of properties would emit less than 3000 kg CO,.

From a probabilistic perspective, at current grid emissions intensity, the cumulative distributions
indicate a 70% probability that a given property will emit less than 2800 kg CO; (the mean value for a
450% efficient heat pump property) if they are fitted with a heat pump operating at 450% efficiency.
However, there is only a 37% probability that the heat pump is operating at the default BREDEM
efficiency of 250%, with this falling to 24% for an ASHP operating at 200%, as shown in Table 6.

Table 6. Emissions probability for a given emissions level.

Heat Pump Performance (% Efficiency) Probability of Emissions Below 2800 kg CO,
200 24%
250 37%
450 70%

If the electric resistive heating distribution (Figure 5) was also included in this analysis, an even
greater decrease in emissions is indicated for more efficient heat pumps relative to the resistive heating
alternative. In this case, a reduction in emissions is indicated due to an improvement in the efficiency
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of heat pumps expected by 2030, but does not include an increase in the housing stock volume, any
improvements to the housing stock nor a reduction in the CO, emissions intensity of the electricity grid.

4.3. CO, Emissions for the Whole English Housing Stock

Assuming that the 16,000 properties described in the EHCS are representative of the whole of the
English housing stock, it is reasonable to extrapolate mean CO; emissions to the 22 million properties
that currently exist in England, giving a baseline estimate of emissions of 112 Mt CO,. Assuming this
and the other assumptions described in Section 3.3, a series of scenarios have been modelled with the
results detailed in Table 7 and summarised in Figures 7 and 8.

Table 7. Total estimated English household CO, emissions for different technology
performance and penetration levels at current and aspirational electricity grid

emission intensities.

Total Annual CO, Relative Reduction

Descriuti Grid Emission = Heating Technology Emissions From in Emissions
escription
P Intensity * Mix " English Households Compared with

(M¢t) Baseline

Only Gas Current 100% B76 99 -

Current Baseline Mix Current 85% B76:15% R 112 Baseline

HP COP 2.0, 55% Pen Current 45% B76:55% HP2 103 8%

HP COP 2.5, 55% Pen Current 45% B76:55% HP2.5 92 18%

HP COP 4.5, 55% Pen Current 45% B76:55% HP4.5 75 33%

HP COP 2.0, 75% Pen Current 25% B76:75% HP2 108 3%

HP COP 2.5, 75% Pen Current 25% B76:75% HP2.5 93 17%

HP COP 4.5, 75% Pen Current 25% B76:75% HP4.5 69 38%

Current Heating Mix 2030 85% B93:15% R 59 47%

HP COP 2.0, 55% Pen 2030 45% B93:55% HP2 36 68%

HP COP 2.5, 55% Pen 2030 45% B93:55% HP2.5 35 69%

HP COP 4.5, 55% Pen 2030 45% B93:55% HP4.5 33 71%

HP COP 2.0, 75% Pen 2030 25% B93:75% HP2 24 78%

HP COP 2.5, 75% Pen 2030 25% B93:75% HP2.5 23 79%

HP COP 4.5, 75% Pen 2030 25% B93:75% HP4.5 21 81%

* See Table 2 for grid emissions intensity; ° B76 = Gas Boiler with mean efficiency of 76%, B93 = Gas Boiler with mean
efficiency of 93%, R = Resistive Heating at 100% efficiency, HP2 = Heat Pump at COP of 2 (200% efficiency),
HP2.5 = Heat Pump at COP of 2.5 (250% efficiency), etc. An increase in gas boiler efficiency is assumed for 2030 given

increasing performance standards within the UK regulatory framework.

For the current electricity grid CO, emission intensity, it is evident that at a heat pump penetration
level of 55%, heat pumps performing at a mean CoP of 450% will realise an emissions reduction of
33%. With the penetration level increased to 75%, the emissions reduction increases to 38%. At the
same grid emissions level and heat pumps operating at 250%, there is virtually no difference to the
emissions reduction level of 17%—18% whether there is a 55% or 75% penetration level. At heat pump
efficiencies of 200%, the reduction in emissions for 55% to 75% penetration levels is 8% and 3%
respectively, i.e., there is a smaller reduction in emissions with a greater level of heat pump
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penetration. This anomaly for heat pumps operating at 200% is due to the smaller percentage of
efficient gas boilers (93% efficiency in 2030) with a significant increase in relatively poor performing
electrical heating systems within a high emissions grid. Thus, it can be seen that given the current
emission factor ratio for electricity and gas respectively (2.78), for households currently heated by efficient
gas boilers, only heat pump CoPs greater than 2.78 will deliver reduced GHG emissions for households.

Figure 7. Emissions reduction at different electricity grid emissions factors, heat pump
efficiencies and penetration levels.

B Current Heating Mix

EHP COP2.0,55%Pen
EHP COP 2.5, 55%Pen
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Relative Reduction in Emissions
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Figure 8. Emissions at different electricity grid emissions factors, heat pump efficiencies
and penetration levels.
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With a dramatic reduction in the electricity grid emissions intensity, Figure 7 shows that at a heat
pump penetration level of 55%, heat pumps performing at 450% will now realise an emissions
reduction of 71%. With the penetration level increased to 75%, the emissions reduction increases to
81%, i.e., a further 10% fall compared with only 5% for the high emissions scenario. This picture of an
additional 10% improvement with an increase in penetration level is broadly repeated with lower
efficiency heat pumps, i.e., 68%—78% and 69%—79% for heat pumps at 200% and 250% respectively.
It is interesting to note that improvements in heat pump efficiency has very little overall effect in
reducing emissions with there being only an additional 3% reduction with the heat pump efficiency
moving from 200% to 450%.

Looking at the different scenarios and how they are illustrated in Figures 7 and 8, it can be seen that
the largest impact on the reduction of CO, emissions across the English housing stock comes from
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reducing the emissions intensity of the electricity grid. Even with no heat pumps installed, a CO,
emission reduction of 47% is achievable. This emissions reduction value can be improved upon if
there is a significant penetration of heat pumps, with an 81% reduction possible at a 75% level of
penetration. Moreover, improved heat pump performance has little overall effect on this reduction.
This demonstrates that the majority of future emissions reduction arises from the reduction in CO,
emissions intensity from the electricity grid rather than any improvement in heat pump efficiency.
However, it should be noted that given the aforementioned uncertainty in projecting the UK electricity
grid emission factor out to 2030, the “best case” emission scenario should be considered within this
context. Parametric analysis shows that, given a pragmatic scenario of a 2030 emission reduction of
50% below current levels, then CO, emissions would be greater than the “best case” by a factor of 5.

4.4. Discussion

Heat pumps operating at the levels observed in recent UK field trials are disappointing and
demonstrate that with the current emissions intensity of the electricity grid, heat pumps aren’t capable
of contributing significantly to CO, reductions when considered as a replacement for gas boilers.
Where heat pumps do demonstrate benefits, even operating at these disappointing levels of
performance, are as a replacement for electric resistive heating. This is clearly illustrated in Figures 4 and 5
by the fact that the heat pump performance distributions are significantly above those for electric heating in
comparable properties.

By evaluating UK Government strategy in depth [4,5], it is found that the probability of energy
consumption and emissions for a property fitted with ASHP or GSHP is around half that of the mean
of the resistive heating alternative, i.e., 7500 kWh and 4000 kg CO, respectively, is shown in Table 8.

Table 8. Probability of heat pump energy consumption and CO, emissions being half of
that of resistive heating alternative.

Heating Technology Probability of Annual Energy Probability of Annual
and Efficiency Consumption Below 7500 kWh  Emissions Below 4000 kg CO,
Resistive Heating (100%) 12% 10%
ASHP (215%) 64% 54%
GSHP (234%) 72% 60%

It is relevant to evaluate this subset of heating type, as electric non-central heating falls into the
Government classification of a Hard to Treat (HTT) or Hard to Heat home [30]. Furthermore, as
identified in Section 4.2, a greater than 40% reduction in energy consumption is indicated with a heat
pump, even when operating at poor levels of performance, which for a household living in fuel poverty
would be a welcome saving. From the EHCS it is possible to identify 451 households (3% of the
EHCS dataset) which have electric heating and are in fuel poverty, and a further 4.5% [30] are not
classed as fuel poor but still have electric heating. Extrapolating these values suggests that 639,000 of
the total English housing stock fall into the fuel poverty subset with a further 1 million utilising electric
resistive heating.

By considering hard-to-heat and fuel poor households, it is possible to develop a prioritisation plan
for heat pump roll-out that does not necessarily require the highest performance efficiencies in order to
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deliver savings in both energy consumption and CO, emissions. Phase 1 would begin with the
639,000 homes electrically heated homes in fuel poverty. The followed phase would include the remaining
1 million electrically heated homes. The net and relative emission reductions across the English
housing stock are shown in Table 9; this shows that even heat pumps performing at or below efficiency
levels recorded in UK field trials could deliver real emissions savings.

Table 9. Annual emission reductions resulting from a phased heat pump installation strategy
for all electrical resistive heated homes—phase 1 in fuel poverty, phase 2 the remainder.

Reduction in CO, Emissions Relative Reduction in Emissions
Grid Heating From English Households (Mt) Compared with Baseline Total
Description Emission Technology HTT & HTT, Not HTT & HTT, Not
Intensity * Mix " Fuel Fuel Total Fuel Fuel Total
Poverty Poverty Poverty Poverty
HP COP 2.0 Current 100%HP2 2.2 33 55 2.0% 3.0% 4.9%
HP COP 2.5 Current 100%HP2.5 2.8 4.2 7.0 2.5% 3.7% 6.3%
HP COP 4.5 Current 100%HP4.5 3.8 5.6 94 3.4% 5.0% 8.4%
HP COP 2.0 2030 100%HP2 53 8.0 133 4.8% 7.1% 11.9%
HP COP 2.5 2030 100%HP2.5 54 8.1 13.4 4.8% 7.2% 12.0%
HP COP 4.5 2030 100%HP4.5 5.5 8.2 13.6 4.9% 7.3% 12.2%

% See Table 2 for grid emissions intensity; ® HP2 = Heat Pump at COP of 2 (200% efficiency), HP2.5 = Heat Pump at
COP of 2.5 (250% efficiency), efc.

It should be noted that in the wider international context, domestic air conditioning cooling loads
can be significant for regions with warmer climates than the UK. For these regions, the potential for a
reduction in electricity consumption via the replacement by GSHPs of both resistive heaters and
electric chillers may be significant where HPs provide heating in the winter and also cooling in the
summer. Although outside the scope of this paper, future analysis for relevant regions may
prove fruitful.

5. Conclusions

This study was conducted to establish the impact on emissions, and to a lesser extent energy
consumption, of variably performing heat pump technology as observed in recent field trial data. The
context for the study was the UK Government’s ambitious targets for heat pump penetration in the
English housing stock where all types of heating would be displaced, including relatively efficient
mains gas central heating boilers. In this context, heat pumps performing at efficiency levels observed
in the field trial, or even at BREDEM model assumed levels, could actually lead to a rise in emissions
levels due to the relatively high emissions intensity of the electricity grid. There are however modest
savings to be realised from heat pumps operating at efficiencies of 450%.

Given the aspirations for 2030, the only way to realise significant emissions reductions using heat
pumps is to concurrently decarbonise the grid. However further analysis similar to that used by Lin [31]
is required to understand the efficacy, scale and scope of each strategy. Although outside the scope of
this work, the adoption of a suitable probabilistic approach would be beneficial, such as Bayesian
inference modelling used in previous studies [32,33]. In the mean time, a phased approach targeting
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those properties with electric resistive heating, beginning with those in fuel poverty, could realise
reasonable emissions savings, in addition to corresponding savings in electricity consumption and
hence related reductions in fuel poverty.
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