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a b s t r a c t 

On the way towards Net Zero and considering new disruptive technologies may not be ready at scale in the near 

term, we investigated the role that electrifying local energy systems (LES) could play via coordination across local 

electricity, heating, transport, and buildings sectors. A representative case in Wales was investigated as the UK 

recently set a near-term target to reduce 78% emissions compared to 1990 levels by 2035. To do so, we firstly 

developed a local energy emissions model to simulate whether an electrified LES could achieve the emission 

target. Then, we developed a local energy optimization model to address the induced significant increment of 

peak demand. The case study revealed that decarbonizing the local heating sector is vital and challenging based 

on the UK current initiatives while a greater effort to achieve at least 46% residence installing heat pumps is 

needed by 2035. Compared to the existing level, the peak electricity demand after electrification would be more 

than tripled without flexibility. In contrast, the peak electricity demand would only be less than doubled with 

flexibility. Overall, through the proposed two models, this study demonstrates electrification as a feasible solution 

to achieve deep decarbonization and further implies flexibility is the key in electrification with huge cost-saving 

potential in upgrading electricity networks. 
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The UK government recently announced the 78% greenhouse gas

missions reduction target by 2035 compared to the 1990 levels to bring

he UK more than 3/4 of the way towards Net Zero by 2050 [1] . Achiev-

ng this decarbonization target requires lots of actions on our buildings,

ransport, and energy systems at a local level. Local renewables, stor-

ge, and decarbonization of heating and transport sectors all need to

e delivered with significant involvement of local stakeholders to make

ure local needs are met in a more cost-effective way. Plenty of projec-

ion models have been developed for exploring the national-level de-

arbonization pathway [2] , for instance, the UK Times Model was used

n the UK National Grid Future Energy Scenarios [3] . When it comes to

he local-level, the emerging value of LES has been increasingly noticed,

.g., promoting local renewable energy production [ 4 , 5 ], bridging local

takeholders and national energy infrastructure by a whole system ap-

roach [6] or a nexus approach [7] , enabling novel business modes [8] ,

s well as achieving local balancing [9] . However, buildings and energy

etworks all vary among different local areas, and no clear consensus

as emerged regarding the most appropriate pathway to decarboniza-

ion. Can electrifying local heating and transport be a feasible solution?

ow much additional electricity demand would be induced? Can the
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xisting electricity network support that electrification without heavy

nvestment? This paper gives evidence-based answers to the above ques-

ions by revealing the flexibility enhanced electrification as a possible

olution for decarbonizing LES. Note that flexibility is an evolving con-

ept that has been investigated from the supply-side perspective, e.g.,

ast ramping ability of generators; the network perspective, e.g., net-

ork reconfiguration; the demand-side perspective, e.g., building-level

emand response [10] and multi-energy integration [11] ; or the storage

erspective, e.g., battery storage, thermal storage and power-to-gas sea-

onal storage [ 12 , 13 ]. Here, as we address LES, the flexibility here refers

o the ability to modify local generation and consumption patterns in re-

ction to external signals (e.g., price signal or frequency signal) to pro-

ide a service within the energy system or achieve local supply-demand

alance. 

To do so, we firstly built a local energy emissions (LEE) model and

pplied it to a case study to simulate whether an electrified LES can

chieve the 78% emission reduction target. Then, the benefit of flexi-

ility for the electricity network to handle the challenge of significant

nduced electricity demand was demonstrated by developing a local en-

rgy optimization (LEO) model and applying it to the same case. The

ontribution of this study is offering a whole-system based modeling

ool to explore feasible solutions for local energy decarbonization and

evealing quantitative implications systemically for the local electricity,
w to access them, can be found in the Cardiff University data catelogue at 
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Fig. 1. The case county map and emissions breakdown. (a) various kinds of local buildings having the potential to develop rooftop PV panels without shading among 

each other; (b) total energy-related emissions and the four sectors’ breakdown in 1990, 2020, and 2035 calculated by the LEE model with inputs listed in Method 

Table 2 . 
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eating, transport, and building sectors by a comprehensive case. The

ocal stakeholders, energy industry, policy makers, academia, and non-

rofit organizations, who wish to contribute to the decarbonization of

ES but are uncertain how, would be interested in the findings. 

lectrification is feasible but needs greater efforts 

We developed the LEE model summing up the emissions of local

nergy-related activities at annual basis and applied it to a typical local

istrict located in Flintshire County, Wales, UK as an example. The local

istrict is mainly with residence, small businesses, and other essential

ervices, e.g., food supply and school (see Fig. 1 a). Most residents live

n detached houses, where natural gas is used for cooking and heating.

n Wales, roughly 76% of the population live in this kind of county ac-

ounting for 97% of Welsh land [14] . By inputting true data for both

990 and 2020 and simulated data for 2035 into the LEE model (as

isted in Method Table 2 ), local energy-related emissions for the three

ime periods were simulated, i.e., the 1990 emissions as the baseline,

he emissions in 2020, and the emissions in 2035 satisfying the 78% re-

uction target by an electrified LES. The energy-related emissions and

heir breakdown in 1990, 2020, and 2035 for this district were obtained

rom the LEE model output as shown in Fig. 1 b. In 1990, due to the rela-

ively high emission factor of the electricity grid, 52% emissions of this

istrict came from electricity. Thanks to the significant decarbonization

rogress of the electric power system, the electricity’s emission share

ropped to 27% in 2020. Though the amount of emissions from heating

nd transport did not change significantly in 2020 compared to that in

990, their shares increased to 47% and 24%, respectively. 

To meet the 2035 target, the local energy-related emissions have to

rop 78% from 2189 tonnes/year (1990-level) to 482 tonnes/year by

035. Whether the electrified LES could meet the 2035 target or not

irectly depends on the estimates of five critical parameters: 

- Electricity grid emission factor . Significant reduction in the emis-

sions of the electricity grid makes electrification a possible solu-

tion for local energy decarbonization, i.e., the UK average elec-

tricity grid’s emission factor drops from 0.718 kg/kWh (1990) to

0.233 kg/kWh (2020) [15] and it is expected to further dip to

0.041 kg/kWh by 2035 [16] . The electricity grid’s emission factor

for the local district is assumed identical to the UK average value. 

- Local renewables installed capacity . A 500 kW PV farm has been

under construction in the district so far and the “rooftop PV + bat-

tery ” system is prevailing; hence the local PV installed capacity could

reach 2000 kW if all local rooftops are installed with PV panels. This
2 
is based on 200 houses with 8000 m 

2 available rooftops, 20 non-

residential buildings with 1000 m 

2 available rooftops, and rule of

thumb 1 kW per 6 m 

2 [17] . Here we only consider rooftop PV and

the under-construction PV farm; nevertheless, greater local PV po-

tential does exist if more PV farms are planned. 

- Transport electrification rate . Adopting electric vehicles (EV) for

electrification is considered a promising solution for decarboniza-

tion of the transport sector [18] . The transport electrification rate is

defined as the proportion of EV among all vehicles on road. Based

on the Climate Change Committee (CCC)’s forecast of 18,000,000

EVs on road in 2030 and the ban of new combustion-engine vehicles

sales from 2030 in the UK [19] , the local district’s transport electri-

fication rate is assumed identical to the UK average value, which is

expected to be as high as 90% in 2035. 

- Efficiency improvement by building fabric retrofit . Considering the

UK average household heating emissions is 2745 kg CO 2 /year [20] ,

the average gas boiler efficiency of 85%, and the gas emission factor

of 0.184 kg/kWh [21] , the annual household heating demand (spac-

ing heating and domestic hot water included) is 12,680 kWh/year.

In Wales, more than 80% of cavity walls, roofs, and lofts have been

retrofitted locally, while insulation on solid walls and windows re-

mains a retrofit opportunity indicating 15% heating savings [22] . 

- Heating electrification rate . Gas boilers are widely applied for indi-

vidual household heating so far. Electrifying the heating sector by

heat pumps could significantly reduce the carbon emissions [23] .

The heating electrification rate is defined as the proportion of res-

idence installing heat pumps among all residence. Based on the

current heating electrification scheme of the UK Department for

Business, Energy and Industrial Strategy (BEIS)’s commitment to

speeding up the installation of heat pumps from 30,000 per year

to 600,000 per year by 2028 [24] and the industry’s forecast of

1000,000 per year during 2028 ∼2035 [25] , on average 34% of the

UK’s 29 million residence would install heat pump by 2035. The lo-

cal district is assumed with the same heating electrification rate. 

Based on the above estimates of the five critical parameters, Table 1

ummarizes the baseline values for the five critical parameters. To ex-

lore the impact of each parameter by performing sensitivity analy-

is, each baseline value is then assigned as the average value of cor-

esponding lower and upper bound values, e.g., the baseline value

12,680 kWh/year) for the heating demand per residence is 15%

igher than its lower bound value (10,780 kWh/year), and the upper

ound value (14,580 kWh/year) is 15% higher than the baseline value

12,680 kWh/year). The same arithmetic sequence based value assign-
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Table 1 

Parameterization and scenario settings. 

Parameters and scenario settings Baseline value Lower bound Upper bound 

Electricity grid emission factor (kg CO 2 /kWh) 0.041 0.011 0.071 

Local PV installed capacity (kW) 1500 1000 2000 

Transport electrification rate 90% 70% 95% 

Heating demand per residence (kWh/year) 12,680 10,780 14,580 

Heating electrification rate Scenario-CS 34% 22% 46% 

Scenario-TL 46% 34% 58% 

Scenario-LW 58% 46% 70% 

Note: Only heating electrification rate is set with 3 scenarios, the rest 4 parameters use the same 

values in the 3 heating electrification scenarios. The value of each parameter can vary between 

the lower and the upper bounds when performing sensitivity analysis. 

Fig. 2. Sensitivity analysis of the five key parameters on hitting the emission limit of 482 tonnes/yr by 2035. Sub-figures (a) ∼(c) represent Scenario-CS, Scenario-TL, 

and Scenario-LW respectively; and they share the same y-axis of the five parameters. The input values for the five parameters have been marked on each bar and 

in line with the values listed in Table 1 . The red line denotes the baseline emissions of 555 tonnes/yr when inputting the baseline value from Table 1 into the LEE 

model. The blue dot line represents the emission limit of 482 tonnes/yr. The blue and red bars denote the Emissions by 2035 associated with the varying inputs, where 

the Heating electrification rate, Transport electrification rate , and Local PV installed capacity show negative correlations with the Emissions by 2035 , while the Heating 

demand per residence and Electricity grid emission factor have positive correlations with the Emissions by 2035 . 
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ent rule applies for the electricity grid emission factor (with a baseline

alue of 0.041 kg CO 2 /kWh, lower bound of 0.011 kg CO 2 /kWh and

pper bound of 0.071 kg CO 2 /kWh) and the local PV installed capacity

with a baseline value of 1500 kW, lower bound of 1000 kW and upper

ound of 2000 kW). The only exception is the transport electrification

ate as the baseline value is already up to 90% based on the discussed

stimates. To better explore its sensitivity, we assign 95% as its upper

ound, and 70% as its lower bound. 

In particular, we then consider 3 heating electrification rate scenar-

os of Current Scheme (scenario-CS), Touch Limit (scenario-TL), and

ead the Way (scenario-LW), with different baseline heating electrifica-

ion rates (34%, 46% and 58%) and their associated varying ranges. The

ogic behind 3 heating electrification scenarios is that when inputting

he scenario-CS values into the LEE model and applying sensitivity anal-

sis (see Method for the methodology details), we find that the baseline

mission of the case district is 555 tonnes/yr by 2035, which exceeds

he limit of 482 tonnes/year as illustrated in Fig. 2 (a). As long as the

eating electrification rate is lower than 46%, the local emissions will

lways exceed the cap of 482 tonnes/year. Therefore, larger efforts are

equired on local heating electrification to achieve a higher rate than

6%, in other words, at least 92 of totally 200 local residence need

o install heat pumps for heating by 2035. Accordingly, to achieve a

6% heating electrification rate for the UK while in line with the BEIS’s

ommitment for 2020 ∼2028, the UK residential heat pump installation

eeds a rise from 1000,000 to 1500,000 per year during 2028 ∼2035.

n addition, Scenario-LW with a baseline heating electrification rate of
3 
8% has been setup as an arithmetic sequence based on the rate of 34%

nd 46%. 

Sensitivity analysis for the rest 2 heating electrification scenarios as

hown in Figs. 2 b and 2 c further indicates that: (1) The heating electrifi-

ation rate always has the most considerable impact on hitting the 2035

mission reduction target. (2) As long as the heating electrification rate

aseline reaches 46% in Scenario-TL ( Fig. 2 b), the other 4 parameters

ould have certain variation margins. When the heating electrification

ate baseline value reaches 58% in Scenario-LW ( Fig. 2 c), the baseline

missions of 407 tonnes/yr can be achieved; no matter how other pa-

ameters vary, the emissions would not exceed the limit. (3) With the

ncrease of heating electrification rate, electricity grid emissions factor

lays an increasingly important role for decarbonization, the impact of

eating demand per residence decreases slightly, the impact of trans-

ort electrification rate and the local PV installed capacity remains un-

hanged. 

ot only energy but also power 

From the energy perspective (measured by kWh), electrification is

easible for the LES to reach the 78% emission reduction target by

035. While from the power perspective (measured by kW), the daily

eak demand would be tripled (up to 950 kW) compared to that of the

xisting electricity profile (i.e., 300 kW) as shown by a typical win-

er 24-hour electricity demand profile in Fig. 3 (a) in this case, where

he additional electricity demand is induced by electrifying heating and
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Fig. 3. Peak demand difference of the electrified LES with and without flexibility during a typical winter weekday. (a) peak demand would be more than tripled 

(950 kW) compared to that of existing electricity demand profile (300 kW) if there is no flexibility; (b) ∼(e) flexibility-induced peak demand drop by fabric retrofit, 

local PV generation equipped with battery, smart EV charging, and smart heating consequently; (f) the peak demand with flexibility (500 kW) would be half of that 

without flexibility (950 kW) and less than doubled compared to existing electricity demand profile (300 kW).The way forward. 
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ransport without flexibility. A question mark is hanging on whether the

xisting electricity grid is sufficient to support electrification; otherwise,

eavy investment would be needed to upgrade existing electricity in-

rastructure. To address the question, a local energy optimization (LEO)

odel was developed at hourly resolution to investigate the optimal

peration strategy of LES. The building fabric retrofit ( Fig. 3 (b)) could

hed the load; and a series of load shifting options, including local re-

ewable generation equipped with battery ( Fig. 3 (c)), smart EV charging

 Fig. 3 (d)) and smart heating ( Fig. 3 (e)), reduce the induced additional

emand by shifting the evening peak to solar abundant noon period and

ow-demand overnight period. By integrating the above-mentioned lo-

al flexibility options, the peak demand is reduced to 500 kW as shown

n Fig. 3 (f), which is significantly lower than 950 kW when without

exibility. Therefore, flexibility helps reduce peak demand significantly

n an electrified LES, which is expected to save network investment for

ccommodating electrification-induced additional demand and improve

tilization of network assets. Considering most existing electricity net-

ork infrastructure follows the N-1 design philosophy, it would have

00 kW capacity to handle the existing 300 kW peak demand. There-

ore, the existing electricity network infrastructure is able to handle the

eak demand of 500 kW in 2035 with an increased network utiliza-

ion rate accordingly. However, the N-1 reliability principle would no

onger be always satisfied and the network design and operation phi-

osophy might need to be changed accordingly. An alternative active

anagement regime by implementing local flexibility options and more

dvanced coordinated control could help tackle the reliability issue and

mprove the utilization and cost-effectiveness of the network [ 26 , 27 ]. 

Overall, our analysis reveals local energy-related emissions can

e significantly reduced by electrification. However, more efforts are

eeded to increase the local heating electrification rate from 34% to

6% in order to meet the UK 2035 emission reduction target. By a whole

ystem approach of integrating renewable electricity generation, build-

ng fabric retrofit, and a series of flexibility options from heating, trans-

ort and storage at the local level, the peak power after electrification

an drop from 900 kW (without flexibility) to 500 kW, which implies
 a  

4 
xisting electricity network is able to handle the local energy electrifi-

ation. 

It is noted that local circumstances vary greatly between cases, and

he findings in this study do not suggest we only need electrification. In-

tead, electrification could help local authorities achieve the 2035 near-

erm emission target and buy more time to develop other promising but

ot ready yet technologies for other difficult-to-decarbonize sectors to-

ards Net Zero by 2050. For instance, developing carbon capture and

torage, hydrogen boilers, and hybrid solutions. In addition, the existing

nfrastructure needs to be effectively utilized, e.g., retrofitting the dis-

rict heating network (if exists) and combining it with centralized heat

umps. 

Both technology innovation and behavioral change contribute

trongly to decarbonization. Shifting to low-carbon transport (e.g., EV,

ydrogen vehicle, cycling, and walking), healthier diets (e.g., 35% less

eat intake compared to today’s level) [28] , and uptake of unfamiliar

echnologies like heat pumps would reduce emissions and also provide

o-benefits in some cases (e.g., to health) [29] . The more people are

illing to embrace these changes, the faster progress may be possible

o reduce emissions. This would be increasingly important, as 96% of

he emissions reduction is expected to be achieved (compared to the

990 level), while the last 4% of emissions reduction would come from

he mix of additional engineered removals, further innovation, and be-

avioral change [28] . The pandemic has led to a record 10.7% emis-

ion reduction for the UK and demonstrated how quickly social and

ehavioral change could occur [30] . Flexible home-working, digital-by-

efault meetings where appropriate, tracking use-efficiency-living pat-

erns, and introducing low/zero-emission zones for walking and cycling,

ll these positive visions of public engagement provide significant op-

ortunities to contribute to meeting climate objectives. 

ethod 

The methodology used in this study includes developing two models

nd applying a series of simulation and data processing techniques. We
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t  
rst developed a local energy emissions (LEE) model to simulate the an-

ual local energy-related emissions from electricity, heating, transport,

nd cooking sectors for 1990, 2020, and 2035. Based on the LEE model

imulation results, we discussed the feasibility of electrifying LES to

eet the UK 2035 target. Then, we applied sensitivity analysis method

o quantify each sector’s contribution, as well as efforts needed for each

ector. Last, a local energy optimization (LEO) model was developed to

uantify the impact on peak demand by electrification-induced addi-

ional electricity demand and analyze the benefit of flexibility to reduce

he peak demand. All the models and methods associated are described

n this section. 

stimate local energy emissions 

The LEE model is a simulation tool that we developed to estimate the

missions of local energy-related activities including electricity, heating,

ooking, and transport. LEE model sums up the emissions of these ac-

ivities at annual basis for a local district as reported in Figs. 1 and 2 .

or each type of energy-related activity, the emissions are estimated by

q. (1) , which is consistent with methods defined in the international

uidance [31] . 

𝑜𝑐𝑎𝑙𝐸 𝑛𝑒𝑟𝑔𝑦𝐸 𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 

∑

𝑖 

𝐸𝑚 𝑖 𝑖 𝑖 

∈ {elect ricit y, heat ing , cooking , t ransport } (1) 

 𝑚 𝑖 𝑖 = 

∑
𝐸 𝐹 𝑖 × 𝐴𝑐𝑡𝐷𝑎𝑡 𝑎 𝑖 (2)

here EF is the emission factor, and ActData is the activity data for each

ype of energy-related activity. 

In specific, to estimate emissions from local transport (Emi transp ), the

ctData is the total number of kilometres or miles travelled by that type

f vehicle (Dist) and the emission factor (EF) is the amount of CO 2 emit-

ed per kilometer or mile. Two types of vehicles are considered, i.e.,
Table 2 

Data for estimating the local energy related emissions. 

Category Item 

Municipal Number of houses 

Number of offices 

Number of schools 

Number of stores 

Number of Food & Beverage 

Number of malls 

Number of houses in UK by 2035 

Heating Gas boiler efficiency 

Heat pump efficiency 

Heat pump installation rate in 2020 

Heat pump installation rate in 2020 ∼2028 

Heat pump installation rate in 2028 ∼2035 

Residential heating related emissions 

Emission 

factor 

Emission factor for grid in 1990 

Emission factor for grid in 2020 

Emission factor for grid in 2035 

Emission factor for gas 

Emission factor for fossil-fueled cars 

Renewable Local PV installed capacity 

Annual sun hours 

PV panel overall efficiency 

Cooking Cooking emissions proportional to heating 

Transport Cars per house 

Predicted number of EV in the UK by 2030 

Number of EV in the UK in 2020 

Annual new car sales on average 

Existing cars on road in the UK 

Average car miles per year 

Miles per kWh of electricity usage 

Electricity Electricity profile of commercial buildings 

Electricity profile of houses 

Existing electricity demand per house on average 

5 
ombustion-engine vehicles (CEV) and EV as shown in Eq. (3) . 

 𝑚 𝑖 𝑡𝑟𝑎𝑛𝑠𝑝 = 𝐸 𝐹 𝐶 𝐸𝑉 ×𝐷𝑖𝑠 𝑡 𝐶 𝐸𝑉 ×𝑁𝑢 𝑚 𝐶 𝐸𝑉 + 𝐸 𝐹 𝐸𝑉 ×𝐷𝑖𝑠 𝑡 𝐸𝑉 ×𝑁𝑢 𝑚 𝐸𝑉 

(3) 

As defined in Eq. (4) , to estimate CO 2 emissions from heating

Emi heat ), the emission factor (EF) is the amount of CO 2 emitted per

nit of electricity or natural gas consumed and the activity data is the

otal amount of electricity or natural gas used for heating each type of

uilding (HeatUse), and NumBuild denotes the total number of buildings

eated by either gas or electricity. The amount of electricity or natural

as used for heating is equal to the heating demand (HeatDem) divided

y the heating technology’s efficiency (Eff) as shown in Eq. (5) and

 . The heating demand for each type of building is obtained from

efs. [ 32 , 33 ]. The efficiency of gas boiler and heat pump for heating

s assumed as 0.9 and 3, respectively. 

𝑚 𝑖 ℎ𝑒𝑎𝑡 = 𝐸 𝐹 𝑔𝑎𝑠 ×𝐻𝑒𝑎𝑡𝑈𝑠 𝑒 𝑔𝑎𝑠 ×𝑁𝑢𝑚𝐵𝑢𝑖𝑙 𝑑 𝑔𝑎𝑠 

+ 𝐸𝐹 𝑒𝑙𝑒 ×𝐻𝑒𝑎𝑡𝑈𝑠 𝑒 𝑒𝑙𝑒 ×𝑁𝑢𝑚𝐵𝑢𝑖𝑙 𝑑 𝑒𝑙𝑒 (4) 

 𝑒𝑎𝑡𝑈𝑠 𝑒 𝑔𝑎𝑠 = 𝐻 𝑒𝑎𝑡𝐷𝑒 𝑚 𝑔𝑎𝑠 ∕ 𝐸𝑓 𝑓 𝑔𝑎𝑠 (5) 

 𝑒𝑎𝑡𝑈𝑠 𝑒 𝑒𝑙𝑒 = 𝐻 𝑒𝑎𝑡𝐷 𝑒 𝑚 𝑒𝑙 𝑒 ∕ 𝐸𝑓 𝑓 𝑒𝑙𝑒 (6)

The local area uses natural gas for cooking, and its emissions is as-

umed proportional to the heating demand [34] as shown in Eq. (7) ,

here 𝛼 is the proportion with a value of 6% in this case. 

 𝑚 𝑖 𝑐𝑜𝑜𝑘 = 𝛼 × 𝐸 𝑚 𝑖 ℎ𝑒𝑎𝑡 (7)

As shown in Eq. (8) , the CO 2 emissions for fulfilling electricity de-

and are estimated by the emission factor as the amount of CO 2 emit-

ed per unit of electricity multiplied by the total amount of electricity
Value Unit Notes & Ref. 

200 Measured from map 

13 

2 

1 

2 

1 

29,000,000 [34] 

0.85 Industrial average 

value 3 

30,000 [24] 

600,000 [24] 

1000,000 [25] 

2745 kg/yr [20] 

0.718 kg/kWh [36] 

0.233 kg/kWh 

0.041 kg/kWh 

0.184 kg/kWh 

0.158 kg/miles [37] 

500 kW from local authority 

1000 hr/yr 

80% 

3% [34] 

1.2 [38] 

18,000,000 [19] 

748,000 [39] 

2311,000 

32,697,000 

9000 miles [40] 

3.33 miles [41] 

24 h typical day data [42] 

24 h typical day data [35] 

4800 kWh/yer Varying 3000 ∼7000 

Ref. [43] 
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emand (EleUse). The EleUse is estimated from the typical daily elec-

ricity profile for each type of building multiplying number of building

n that type and the number of days per year as shown by Eq. (9) [35] .

esides, the locally generated energy by PV panels is assumed with no

O 2 emissions. 

 𝑚 𝑖 𝑒𝑙𝑒 = 𝐸 𝐹 𝑒𝑙𝑒 × 𝐸 𝑙𝑒𝑈𝑠𝑒 (8)

𝑙𝑒𝑈𝑠𝑒 = 

∑

𝑗 

𝐷𝑎𝑦𝐸𝑙 𝑒𝑈𝑠 𝑒 𝑗 ×𝑁𝑢𝑚𝐵𝑢𝑖𝑙 𝑑 𝑗 

×365 𝑗 ∈ {residence , off ice , shop , public} (9) 

ata acquisition 

The input data to LEE model for the case analysis in this study is

isted in Table 2 . 

ptimization model captures flexibility 

Flexibility flattens the local electricity demand profile with a reduced

eak demand, as presented in Fig. 3 . This is modelled and captured

y the LEO model with an objective function of minimizing investment

nd operation cost of a LES subjecting to a series of system operational

onstraints. LEO model follows the bottom-up structure with hourly

emporal resolution, 12 typical modeling days (capturing seasonal and

eekday/off-week differences), 15-year horizon, and the spatial cover-

ge of the whole local district. It optimizes system investment decisions

nd operational strategy for the whole system covering local electricity,

eating, building and transport sectors. A series of demand-side man-

gement options are modeled including the building fabric retrofit as

 load shedding measure, and a series of load shifting measures, i.e.,

ocal renewables equipped with batteries, smart heating by heat pump

ith storage, and smart EV charging. It is flexible to set specific con-

traints in LEO model on purpose, e.g., flatten electricity demand profile

r switching on heat pump at a certain time. By inputting the local infor-

ation into LEO model and running it, the optimal system configuration

nd 24-hour operational strategy during a typical winter weekday with

 flattened electricity demand profile can be obtained as presented in

ig. 3 . Since elaborating the optimization model is not the main focus

f the present study, detailed model descriptions can be found in Sup-

lementary including the (1) parameter and variable definitions, (2)

bjective function, and (3) model constraints. Eqn (2) 

andling uncertainty 

The uncertainty exists in obtaining a robust dataset for carbon ac-

ounting at local level. This creates difficulties in planning investment,

ssessing system operation, and developing policies for decarbonizing

ES. Those unavailable data at local-level is assumed identical to the

verage of that at regional level or national level, which is usually more

ccessible with reliable sources, e.g., the emission factors for electricity

rid and natural gas, cars per household, and the number of EV by 2035.

herefore, single-parametric sensitivity analysis is performed to assess

he impact of 5 key uncertain parameters on the emissions’ variation as

resented in Fig. 2 . 
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