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Abstract

The widespread roll-out of electric vehicles (EV) is one important action sought by governments around
the world to tackle climate change and to improve air quality in urban centres. However, this extensive
rollout of EVs is likely to bring important challenges to the energy system, potentially requiring new
generation capacity and network reinforcements [1]. It has been recognised that the timing (‘smart’ vs
‘dumb’) of EV charging could potentially increase or mitigate the undesired impacts of the EV rollout
[2]. In the case of the UK, it is expected that most cars and vans will be electric by 2050. Also, it is
expected that by 2050, 75% of EVs will be charged in a smart way [3]. Currently, EVs represent around
7% of newly registered cars in the UK [4] and it is assumed that most of them are charged in a ‘dumb’
way, in free ‘on the street’ charging. So the path to reach the expected 75% smart charging is not clear.

Many studies have been developed to analyse the impact of smart EV charging. However, most of them
do not consider different smart charging adoption pathways and normally they only analyse the
implications of a large penetration of EVs in the power sector, not considering, for example, the changes
on emissions, fuel use and consumer costs. The work developed in this paper aims to provide insight on
this issue, analysing the implications of a large penetration of EV under different smart chaging adoption
pathways, using the UK TIMES energy system model. Preliminary results show that the speed in which
smart charging is adopted can have important impacts on the level of network investments, and thus
higher costs for the final consumer; where a slow adoption of smart charging could result in around 70%
extra network investment costs, relative to a faster implementation of smart charging.

Introduction

As part of their actions to tackle climate change and local pollution, a number of countries around the
world are pushing ambitious targets to electrify transport [5]. For instance, the UK Government has
moved forward to 2030 a previously set target of all new cars and vans to be effectively zero direct
emission [6], and National Grid (the British Transmission System Operator) has revised its expectation to
an almost full EV penetration on the private car fleet by 2050 [7]. Other countries have also increased
their efforts in the decarbonisation of transport. For instance, Ireland, Iceland, Denmark and the
Netherlands have set a similar ban on petrol and diesel cars by 2030, whereas Norway, which currently
shows the largest EV uptake in Europe, has set the target for 2025 [8].

Such a major shift is likely to bring important challenges to the energy system, as the new electric load to
charge EVs is likely to require new generation capacity and considerable network reinforcements. These
changes will require important investments, the cost of which will ultimately be paid by consumers.
Many studies have been developed to address these challenges, with particular focus on the impacts of a
large penetration of EVs on the power network, using power system and network models. However, this
neglects other potentially important impacts and, thus, policy implications outside the electricity sector.
For example, the impact on fuel use, consumer costs and wider emissions. Similarly, EV charging
strategies have been widely studied, analysing potential benefits for the power system, but the relative
impacts of different smart charging adoption rates (i.e. how fast is smart charging implemented) has not
received much attention and the focus has not extended beyond the power sector.

The objective of this paper is to provide insight on the potential impacts of the planned large-scale EV
rollout in the UK in terms of network investments and emissions. We use the UK TIMES whole energy
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system model [9] to analyse a large EV penetration case. We have selected this model as it covers the
whole integrated energy system (supply, conversion and demand, across all sectors: agriculture, services,
residential, industry, transport) and not only the power sector. In this paper we consider two case studies:
firstly, a case to analyse the impacts of different smart charging adoption rates, considering an EV
penetration reaching 90% of total travelled car kilometres by 2050; and secondly, a case that analyses
different EV rollout speeds to reach 100% penetration by 2050, following National Grid’s Future Energy
Scenarios (FES2020) [7].

The TIMES model is actively used to inform policy decision-making in the UK, and with the Scottish
Government using a Scotland regional model version to identify decarbonisation pathways [10]. Also,
National Grid (the British TSO) and the UK department for Business, Energy and Industrial Strategy
(BEIS) use the UK TIMES framework for their analyses [11]. The work developed in this paper aims to
provide policy-relevant insight on the wider effects of the electrification of transport, analysing the
implications of a large penetration of EV under different charging scenarios, and discussing best
practices on informing energy policy. We then propose and discuss further questions to extend and
complement the analysis developed in this paper.

Methods

Modelling framework

The Integrated MARKAL-EFOM System (TIMES) is a bottom-up energy system-wide model, which
considers all the processes of the energy system. The TIMES model generator is developed by the Energy
Technology Systems Analysis Programme (ETSAP), which is a project run at the International Energy
Agency [12]. TIMES has been used widely to analyse different policy questions including
decarbonisation scenarios, as in [13], [14], or the energy system impacts of specific technologies and
policies, as in [15], [16].

The UK TIMES model considers all the processes that transform, transport, distribute and convert energy
to supply energy services (see Figure 1). The inputs (exogenous variables and parameters) of the model
are: service demand curves, supply curves (e.g. primary energy resources such as wind power or
availability of imports), and techno-economic parameters for each technology/process (e.g. technology
efficiencies and availability factors, investment cost per capacity unit, O&M cost per unit of production,
etc). The outputs (endogenous variables) include: energy and commodity flows and marginal costs,
technology installed capacities, emissions, etc.

Energy carrier variables between processes are endogenous
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Figure 1. Modelling of the energy system in TIMES [17].
UKTM is a single region model of the UK, used for medium to long-term analysis of energy systems.
The time horizon in UKTM runs until 2050, with time periods of 5 years, and taking 2010 as the base
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year. To reduce complexity in the optimization model, TIMES considers only some representative time-
slices that work as an average of the elements of that time period. UKTM considers 16 time slices: four
time divisions within a year representing seasons (spring, summer, fall and winter), and four daily
divisions for each season (night, day, evening peak and late evening).

The sectors considered in the model include: industry (organised by subsectors: cement, pulp and paper,
food and drinks, petrochemicals, etc.), agriculture and land use, transport, residential, services and the
power sector. The power system in TIMES includes a very large number of generation technologies and
also models the transmission and distribution networks. The representation of these networks is limited
due to the single region aspect of UKTM. However, it is useful to assess if current network capacity
would be enough to accommodate the expected generation and demand.

Moreover, UKTM is a partial equilibrium model-generator assuming perfectly competitive markets and
full foresight. The model uses linear-programming to find a least-cost energy system (calculated as sum
of investment, fixed and variable operation and maintenance (O&M), and import and export
costs/revenues for all the modelled processes), able to meet specified energy service demands, according
to a number of user constraints.

The model uses demand projections as the main driver of the energy system. In other words, the model
finds the least cost energy system configuration (technology mix and energy flows) to meet the expected
demand. So the technology selection by the model is based on the cost-effectiveness of the technologies,
considering their performance, capital, operation and maintenance, and fuel costs. Also, to avoid ‘penny-
switching’ (i.e. dramatic technology changes in a short period of time, triggered by a small cost saving),
technology adoption constraints are set in the model trying to replicate realistic technology adoption
scenarios.

A more detailed description of the UKTM model and its database can be found in [17], [18] and official
TIMES documentation can be found in [19], [20].

Parameters required for this study

Table 1 shows the expected UK car transport demand up to 2050 used for this analysis. The table shows
that there is an assumed growth of almost 50% of total private car and vans demand by 2050, relative to
the year 2010. Note that these projections are based in travelled kilometres, which are independent of car
type or ownership method. These car demand values are based on Department of Transport (DfT) Road
traffic forecasts 2015 for England and Wales. This is assumed to be representative of the whole UK [21].

Table 1. Car transport demand projections.
2010 2015 2020 2025 2030 2035 2040 2045 2050
Billions of 3539 376.3 405.4 4355 4532 472.0 4888 507.4 527.1
travelled km
Demand growth 0% 6% 14% 23%  28% 33% 38% 43% 49%
Index (relative
to 2010 level)

Table 2 summarises the main EV parameters used in UKTM. The EV technical efficiency are expected to
increase in the future, whereas vehicle upfront costs and operation and maintenance costs are expected to
decrease. In particular, these costs are reduced considerably from the first commercial options in 2010 to
current costs, and it is expected to continue to decrease in the future. These projections roughly align
with the forecasts provided by Bloomberg New Energy Finance [22] and the International Energy
Agency [23].
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Table 2. EV parameters used in this study.

CAR 2010 2020 2030 2040 2050
TYPE
Lifetime (years) All 12
Technical efficiency EV 1.45 1.62 1.75 1.84 1.89
(vehicle km/MJ) Diesel 0.41 0.54 0.54 0.56 0.58
Petrol 0.40 0.45 0.45 0.47 0.48
Hybrid®  0.57 0.64 0.64 0.67 0.68
Vehicle cost* EV 43.21 22.06 20.92 19.77 18.63
(k£/vehicle) Diesel 12.84 13.06 13.39 13.39 13.39
Petrol  12.49 12.39 12.62 12.62 12.62
Hybrid® 16.59 13.13 13.13 12.97 12.81
Fixed operation & EV 2.93 1.68 1.62 1.55 1.48
maintenance cost* Diesel 1.52 1.53 1.55 1.55 1.55
(k£/vehicle) Petrol 1.50 1.50 1.50 1.50 1.50
Hybrid® 1.74 1.53 1.53 1.52 1.52

*2010 prices, °Non-plug-in hybrid vehicle

Table 3 shows the considered capital investment, operation and maintenance costs per capacity unit for
network reinforcements. These parameters are used to compute the total cost of all new network capacity
implemented in the energy system as a result of the increasing EV demand. These costs parameters
roughly align with different network reports including the analysis developed by Kiani Rad and Morave;j
[24], IEA ETSAP [25] and the Electricity Networks Strategy Group [26].

Table 3. Transmission and distribution network reinforcement cost parameters used in this study.

Technical lifetime Investment costs* Fixed operation &
(years) (m£/GW) maintenance cost*
(mE/GW)
Transmission | 40 628.26 6.34
Distribution | 25 328.13 12.61
*2010 prices

EV charging scenarios description

Case study 1: impacts of smart charging adoption rates

Figure 2 shows the EV rollout projection used for case study 1. For all scenarios, except the base case
(with no EV penetration), we implement EV technology-use constraints to meet the car demand
described in Table 1, but following the expected penetration of EVs shown in Figure 2, which is around
20% by 2030, 80% by 2040 and 100% by 2050. Note that this EV penetration scenario is based on the
SPEN RIIO-T2 Electricity Scenarios 2018 consultation [27] and National Grid Future Energy Scenarios
FES2020 [7].



How the pace of adoption of electric vehicle smart charging impacts the energy system?

EV penetration scenario
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Figure 2. Considered EV penetration for case study 1

In this case study 1, a large EV penetration is assumed with a 75% of smart EV charging by 2050, based
on National Grid’s (the British TSO) Future Energy Scenarios [3], [7]. The three analysed scenarios vary
in the adoption rate of smart charging, reaching the 75% of smart charging by 2050 at different paces
(see Figure 3).

The results of the different scenarios are compared across one another and with a base case where no EV
uptake is implemented. The impact of the EV smart charging adoption pace is analysed in terms of
network investments, fuel costs and emission reduction.
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Figure 3. EV smart charging adoption scenarios for case study 1.

Case study 2: impacts of differen EV penetration pace

Figure 4 and Figure 5 show the EV uptake scenarios and EV smart charging adoption scenarios,
respectively, for case study 2. These scenarios differ from those in case study 1 as they consider different
EV rollout pathways: slow uptake, central uptake and fast uptake, with their corresponding smart
charging assumptions, whereas in case 1, there was a single EV rollout scenario but different smar
charging adoption rates scenarios. Note that these EV uptake scenarios are based on the FES 2020
scenarios of steady progression, system transformation and consumer transformation [7].
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Figure 4. Considered EV penetration for case study 2.
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Figure 5. EV smart charging adoption scenarios for case study 2.

Results

Case study 1

Results show that these EV smart charging pathways produce very different results in terms of the timing
and the level of network reinforcements. For example, Figure 6 shows the extra investments, relative to
the base case, that need to be done on the network to accommodate the extra load produced by growing
EV numbers. It can be noted that the investment patterns can change significantly in the different smart
charging adoption scenarios, with the largest difference found in the slow adoption case (orange columns
in Figure 6) with an almost double investment costs than the other cases.
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Figure 6. Case study 1: new extra network investments relative to the base scenario without EVs.

Figure 7 show the sectoral CO2 emisisons for the analysed EV smart charging adoption scenarios. Unlike on the
investment levels, the overall emissions do not change significantly between EV scenarios. Also, relative to the base
case, there is little overall reduction in emissions (around 2%). However, the sectoral changes in the transport sector
and the electricity generation sectors present big changes.
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Figure 7. Case study 1: Sectoral CO2 emission changes for the analysed scenarios.

Case study 2

For the second case study, I have developed a similar analysis. Figure 8 shows the network investents requirements,
relative to the base case without EV adoption. The total network investment needs range between £8b and £11b. this
shows that the variation in smart charging adoption rates (see Figure 6) potentially has a bigger effect on investment
needs than the EV uptake rates (as shown in Figure 8). However, the importance of the speed of the uptake is not
negligible.

Additionally, the network investment costs are transferred to consumers as an increase in marginal costs (energy
prices), so the ‘fuelling’ costs for car transport can be significantly different across scenarios. These and other
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relevant policy outcomes, such as emission reductions, are also important to take into account while designing
energy tariffs and EV policies.
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Figure 8. Case study 1: new extra network investments relative to the base scenario without EVs.

Regarding CO2 emissions, this case studyshows a similar picture than in case study 1, with a small overall decrement
in emissions, relative to the base case. Also, there is a significant reduction on CO2 emissions on the transport sector
and a similar increase in the electricity sector, which suggest an emissions transfer across sectors. This is an
important phenomenom to consider when analysing long term decarbonisation plans and policies.
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Figure 9. Case study 1: Sectoral CO2 emission changes for the analysed scenarios.
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Conclusions

Even though the representation of the network in TIMES is limited, the study proposed in this paper provides some
insight on the implications on network investments and energy costs of different EV smart charging adoption rates.
An interesting result of this analysis is that not only the level of investment is affected, but the timing of those
investments as well. This could have important implications for the economy, as large investments concentrated in a
short period of time could create adverse effects in the economy due to labour and/or capital scarcity [28]. We
believe that these scenarios provide a range of outcomes that may help policymakers and network operators to plan
and find solutions that do not overburden consumers and facilitate the uptake of EVs.

References

[1]  J.Su, T.T. Lie, and R. Zamora, ‘Modelling of large-scale electric vehicles charging demand: A New Zealand
case study’, Electr. Power Syst. Res., vol. 167, pp. 171-182, Feb. 2019, doi: 10.1016/j.epsr.2018.10.030.

[2]  A. Sanchez-Miralles, T. Gomez San Roman, I. Fernandez, and C. Calvillo, ‘Business Models Towards the
Effective Integration of Electric Vehicles in the Grid’, IEEE Intell. Transp. Syst. Mag., vol. 6, no. 4, pp. 45—
56, winter 2014, doi: 10.1109/MITS.2014.2329327.

[3] National Grid, ‘FES 2019 | National Grid ESO - Future Energy Scenarios’, Jul. 2019. Accessed: Nov. 01,
2019. [Online]. Available: http://fes.nationalgrid.com/fes-document/

[4] Statista, ‘UK: fuel new car market share 2013-2019°, Statista, 2020.
https://www.statista.com/statistics/29903 1/fuel-types-of-new-cars-registered-in-the-united-kingdom/ (accessed
Jan. 11, 2020).

[5] N.Lietal., ‘Potential impacts of electric vehicles on air quality in Taiwan’, Sci. Total Environ., vol. 566567,
pp- 919-928, 2016, doi: https://doi.org/10.1016/j.scitotenv.2016.05.105.

[6] ‘Government takes historic step towards net-zero with end of sale of new petrol and diesel cars by 2030°,
GOV.UK. https://www.gov.uk/government/news/government-takes-historic-step-towards-net-zero-with-end-of-
sale-of-new-petrol-and-diesel-cars-by-2030 (accessed May 25, 2021).

[7] National Grid, ‘Future Energy Scenarios FES 2020’, Jul. 2020. Accessed: Aug. 19, 2020. [Online]. Available:
https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2020-documents

[8] IEA, ‘Global EV Outlook 2019°, May 2019. Accessed: Mar. 03, 2020. [Online]. Available:
https://www.iea.org/reports/global-ev-outlook-2019

[9] UCL, ‘UKTM-UCL’, 2014. http://www.ucl.ac.uk/energy-models/models/uktm-ucl (accessed Mar. 12, 2018).

[10] Scottish Government, ‘Climate Change Plan: third report on proposals and policies 2018-2032 — technical
annex’, Feb. 2018. Accessed: Dec. 03, 2019. [Online]. Available: https://www.gov.scot/publications/climate-
change-plan-third-report-proposals-policies-2018-2032-technical-9781788516761/pages/1/

[11] UCL, ‘National Grid adopts UCL’s UKTIMES model’, UCL Energy Institute, Feb. 28, 2018.
https://www.ucl.ac.uk/bartlett/energy/news/2018/feb/national-grid-adopts-ucls-uktimes-model (accessed Dec.
03, 2019).

[12] IEA-ETSAP, ‘IEA-ETSAP | Energy Systems Analysis Applications’, 2019. https://iea-
etsap.org/index.php/applications (accessed Feb. 01, 2019).

[13] P. Fortes, S. G. Simoes, J. P. Gouveia, and J. Seixas, ‘Electricity, the silver bullet for the deep decarbonisation
of the energy system? Cost-effectiveness analysis for Portugal’, Appl. Energy, vol. 237, pp. 292-303, 2019,
doi: https://doi.org/10.1016/j.apenergy.2018.12.067.

[14] F.F. Nerini, I. Keppo, and N. Strachan, ‘Myopic decision making in energy system decarbonisation pathways.
A UK case study’, Energy Strategy Rev., vol. 17, pp. 19-26, 2017, doi:
https://doi.org/10.1016/j.esr.2017.06.001.

[15] J. Tattini, M. Gargiulo, and K. Karlsson, ‘Reaching carbon neutral transport sector in Denmark — Evidence
from the incorporation of modal shift into the TIMES energy system modeling framework’, Energy Policy,
vol. 113, pp. 571-583, 2018, doi: https://doi.org/10.1016/j.enpol.2017.11.013.

[16] G. Venturini, K. Karlsson, and M. Miinster, ‘Impact and effectiveness of transport policy measures for a
renewable-based energy system’, Energy Policy, vol. 133, p. 110900, 2019, doi:
https://doi.org/10.1016/j.enpol.2019.110900.

[17] C. Calvillo, K. Turner, K. Bell, P. McGregor, and G. Hawker, ‘Using the TIMES model in developing energy
policy’, ClimateXChange, Jul. 2017. Accessed: Oct. 02, 2017. [Online]. Available:
http://www.climatexchange.org.uk/reducing-emissions/using-times-model-developing-energy-policy/

[18] H.E. Daly, P. Dodds, and B. Fais, ‘UK TIMES MODEL OVERVIEW’, UCL Energy Institute, Nov. 2014.

[19] R. Loulou, U. Remne, A. A. Elbaset, A. Lehtila, and G. Goldstein, ‘Documentation for the TIMES Model
PART I'. 2005. Accessed: Nov. 02, 2016. [Online]. Available: http://docplayer.net/254952-Documentation-
for-the-times-model-part-i.html

[20] R. Loulou, G. Goldstein, and K. Noble, ‘Documentation for the MARKAL Family of Models’. ETSAP, 2004.



(21]
(22]

(23]

(24]

[25]

[26]

(27]

(28]

How the pace of adoption of electric vehicle smart charging impacts the energy system?
UK Government, ‘Road traffic forecasts 2015°, 2015. https://www.gov.uk/government/publications/road-
traffic-forecasts-2015 (accessed Feb. 12, 2018).
Bloomberg New Energy Finance, ‘Electric Vehicle Outlook 2018, 2018. Accessed: Jan. 22, 2019. [Online].
Available: https://about.bnef.com/electric-vehicle-outlook/
International Energy Agency, ‘Global EV Outlook 2018 - Towards cross-modal electrification’, 2018.
H. Kiani Rad and Z. Moravej, ‘An approach for simultaneous distribution, sub-transmission, and transmission
networks expansion planning’, Int. J. Electr. Power Energy Syst., vol. 91, pp. 166182, Oct. 2017, doi:
10.1016/j.ijepes.2017.03.010.
IEA ETSAP, ‘Electricity Transmission and Distribution - Technology Brief E12°, Apr. 2014. [Online].
Available: https://iea-etsap.org/E-TechDS/PDF/E12 el-t&d KV Apr2014 GSOK.pdf
Electricity Networks Strategy Group, ‘OUR ELECTRICITY TRANSMISSION NETWORK: A VISION FOR
2020’, Feb. 2012. [Online]. Available:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/48275/4264-
ensg-summary.pdf
SPEN, ‘RIIO T2 Energy Scenarios Consultation’, SPEnergyNetworks, 2018.
https://www.spenergynetworks.co.uk/pages/riio_t2 energy scenarios_consultation.aspx (accessed Nov. 20,
2018).
O. Alabi, K. Turner, G. Figus, A. Katris, and C. Calvillo, ‘Can spending to upgrade electricity networks to
support electric vehicles (EVs) roll-outs unlock value in the wider economy?’, Energy Policy, vol. accepted
(in press), 2019, doi: https://doi.org/10.1016/j.enpol.2019.111117.

10



	Abstract
	Introduction
	Methods
	Results
	Conclusions
	References



