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Electric vehicles (EVs) are currently seen as an option for a more sustainable transportation sector, but it
is not yet clear how to supply them with electricity whilst striving for low costs and low CO, emissions.
Renewable sources can supply electricity with low emissions, but their penetration rate is still insuffi-
cient to meet current demand, let alone the extra demand of EVs. A promising option is supply by Com-
bined Heat and Power (CHP) plants with high combined efficiencies, but an in-depth evaluation of the
benefits of combining of EVs and CHP plants is still missing. Therefore, this study evaluates the perfor-
mance of four different types of CHP plants to power electric vehicles, as compared to use of electricity
from the grid. The performance of CHP plants is simulated using detailed datasets of the composition of a
future power system, the demand for household electricity and heat, and technical specifications of CHP
plants and electric vehicles. We find that the lowest abatement costs of 60-190 €/tCO, are achieved with
grid electricity based on a low-carbon electricity mix compared to a business-as-usual electricity mix
with marginal emissions of 450-500 gCO,/kW h. When electricity is supplied by CHP plants, emissions
are —1000 to 400 gCO,/kW h, and abatement costs are 165-940 €/tCO,. We did not observe added ben-
efits of joint implementation of CHP plants and EVs: the timing of CHP electricity supply and EV electric-
ity demand did not match well, and abatement costs were not lowered.
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1. Introduction

The enormous increase in wealth and prosperity in the second
half of the 20th century has led to a rapid growth for transportation
services. Second largest after the power generation sector, the

Abbreviations: BEV, Battery Electric Vehicle; CCS, carbon capture and storage;
CHP, Combined Heat and Power; EV, electric vehicle; FC, fuel cell; HH, household;
IGCC, integrated coal gasification combined cycle; NGC, natural gas combined cycle;
O&M, operation and maintenance; PHEV, Plug-in Hybrid Electric Vehicle; PC,
pulverized coal.
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transportation sector emits around one quarter of the total fossil
fuel related CO, emissions in OECD countries [1].

Road transportation is responsible for the largest share of trans-
portation CO, emissions (and related: fuel demand) compared to
transportation by train, plane and boat [1]. Personal transportation
by car is the largest emitter with shares of 43% and 64% of
transportation emissions in the UK and US respectively, which cor-
responds to 15% and 18%? of total national CO, emissions in 2009
[2,3].

2 18% includes cars and “light trucks” i.e. SUVs, pickup trucks and light vans, of
which a share is being used for personal transport. Excluding light trucks, the
emissions make up 10% of the national CO, emissions.
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Electric vehicles (EVs) may improve the sustainability of road
transportation in the future [4], because of two reasons: they re-
quire fewer to no oil-products, which reduces the dependency on
oil imports. Also, they have a more efficient drive train than con-
ventional cars and they may emit less CO, per kilometer driven
depending on the generation mix of electricity and the efficiency
of the EV drivetrain. The well-to-wheel EV emissions range from
0 g km~! when powered by renewable sources to about 70 g km™!
for a Plug-in Hybrid Electric Vehicle (PHEV) powered by grid elec-
tricity [5] and 250 g km~! for a Battery Electric Vehicle (BEV) with
a range of 300 km that is powered by electricity generated from
coal [6]. To compare: the well-to-wheel emissions of a similar ref-
erence petrol vehicle are 163 g km™! [5].

At the moment, EVs only represent a marginal share of all cars,
but their share is expected to become significant in the long term
future. Forecasts predict EV shares between 6% and 30% by 2030
[7], where 75% of these vehicles are projected to be PHEVs [7,8].

A large increase in the number of electric vehicles could intro-
duce new problems. Apart from aspects like the construction of a
charging infrastructure and legal as well as privacy issues sur-
rounding coordinated charging of EVs, a key issue is the increase
in electricity demand [7]. Electric vehicles will increase electricity
demand considerably: a single vehicle can increase the electricity
consumption of a household by 50% [9]. It is not yet clear how this
extra demand can be fulfilled at the lowest costs and emissions.
Renewable energy sources may be hard to implement more rapidly
than already targeted by policies, so increases in power demand
may be met with more fossil fuels, which can result in significant
indirect CO, emissions [6].

Combined Heat and Power (CHP), which cogenerates electricity
and heat, may be an attractive option to supply electricity to EVs
because of its high overall energy efficiency (see Table 5). However,
its electricity production pattern is based on heat demand, which
can lead to a mismatch between electricity supply and demand.

A number of studies have investigated how the electricity de-
mand of EVs can be fulfilled, each with a specific focus. In one
study, it was assumed that only renewable sources are used [10],
in others that the capacity factors of power plants will remain
the same in the future [11,12], or it was just evaluated how many
cars the current grid can support [13]. Another study provides an in
depth analysis of the electric vehicles, but combines this with a
simplified representation of the electricity sector, which features
a single conversion efficiency. [14,15]. Also, many studies evaluate
the impact of electric vehicles in the near future, even though fore-
casts indicate that electric vehicles will only achieve significant
penetration levels in the mid to long term future [11,13].

In addition, none of the studies [11-15] included CHP as a po-
tential generation option, even though it is encouraged by different
parties [16,17]. The prime advantage of CHP installations is their
high overall efficiency of 85-90%, as both the generated electricity
and heat can be used. Furthermore, synergies may occur between
CHP and EV technologies. Many EV implementation plans suggest
that EVs will mainly be charged at home, where there is also a sig-
nificant heat demand. The nature of EVs electricity demand would
allow for more optimal CHP operation, because EVs can have flex-
ible demand patterns and will increase the overall household elec-
tricity consumption. The former would improve the match
between simultaneous heat and electricity production, while the
latter would reduce the amount of surplus generated electricity
that is sold to the grid at an uneconomic price.

In fact, the number of studies that consider CHP-generated elec-
tricity for EV charging is very limited. Some studies discuss the buf-
fering potential of EV batteries at a national level in combination
with intermittent electricity sources, where CHP is mentioned
alongside solar photovoltaic (PV) and wind power [18,19]. Other
studies look at a local level, where the interactions between EVs

and the smart grid of a company are evaluated [20], or how house-
hold electricity demand curves are influenced by a CHP and an EV
[21].

Therefore, the following two research questions are addressed
in this paper. The first evaluates whether the electricity generated
by CHPs would be used to supply EVs: How can the increased elec-
tricity demand of EVs be fulfilled whilst striving for low costs and
low CO, emissions? The second question serves to assess if EVs and
CHPs should be jointly implemented: can synergies be achieved
between electric vehicles and CHP installations in the long term fu-
ture? The focus is on urban areas in the developed world, because
these are most suitable for EVs in terms of driving distance and be-
cause this is where district CHP installations can be found. Results
are presented for 2030, as it is expected that EVs could be a main-
stream technology by that time [7].

The approach consists of matching electricity supply curves of
CHP installations to the demand curves of the household and the
EVs at a 15 min interval, to evaluate the match between supply
and demand, and observe whether synergies occur. Cost and emis-
sion supply curves of the national electricity grid are included to
account for exchanges with the grid.

This study contains an in-depth literature study of future CHP
installations and builds on the studies by Van Vliet on EVs [5,7]
and Van den Broek et al. on the composition of the electricity sec-
tor in the future [22]. As such, it considers temporal dynamics at
both a household level and national level, and presents a compre-
hensive analysis of the effect of combining EVs and CHP.

2. Model framework

Electricity supply to households and EVs by generation units are
compared at three levels: a national level (centralized power
plants), the level of a neighborhood (district CHP), and household
(micro-CHP) level. Costs and CO, emissions are calculated for a sin-
gle household based on techno-economic parameters of electricity
generators, seasonal electricity demand curves of households and
EVs, and heat demand curves of households. The results are com-
pared to the costs and emissions of two reference cases: one
household with an EV, the other with a petrol vehicle. The electric-
ity for both is supplied by a business as usual electricity mix in
2030 as projected with MARKAL [22].

Next, it is studied whether synergies can be observed between
CHPs and EVs, which would be expressed as a reduction of abate-
ment costs. To this end, the electricity demand of households is
split into the demand for the household minus EV, and the demand
of the EVs, where that of the household is fulfilled first. Next, the
cost and emissions are calculated and the abatement costs com-
pared to both reference cases.

2.1. System definition

The research questions are answered by comparing the costs
and CO, emissions of the different cases, of which the system
boundaries are shown in Fig. 1. In the two reference cases, electric-
ity is supplied by the national electricity grid, and heat by a house-
hold condensing boiler. The cars are powered by either grid
electricity or petrol. The other three types of electricity generation
are district CHPs, micro CHPs, and centralized low-carbon electric-
ity generation. For the first research question, demand of the
household and EV (“total household”) are combined to determine
the best way to fulfil this demand. For the second, just the electric-
ity demand of the EV is evaluated. All analyses are performed at the
level of a single household. Performance indicators are the costs of
electricity generation (€ MW h™!), CO, emissions (tCO, MW h™1),
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Fig. 1. System boundaries for different power generation types considered for both research questions.

and the abatement costs (€ tCO, 1 for either the total household or
the EV.

2.2. Approach overview
The analysis can be split up into 10 steps (Fig. 2).

Step 1: The first dataset consists of marginal cost and CO, emission
curves of centralized electricity production for three seasons (sum-
mer, winter, and spring/autumn) at a 15 min time interval for the
year 2030° [23]. They were composed by combining prognoses of
the Dutch electricity generation system from the MARKAL-NL-UU*
model, and forecasts of the national electricity consumption pat-
terns in 2030. Two scenarios were considered: a business as usual
(comparable to the Impasse scenario by van den Broek et al.
[22,24]) for the main analysis, and a scenario with a high share of
renewables (comparable to the Grand Coalition scenario) in the sen-
sitivity analysis. For every 15 min time interval, the most expensive
electricity generation unit, the marginal generator, was identified,
and its costs and CO, emissions (C&E) were set to be the marginal
C&E for that time interval, in the same way as done by Benz et al.
[25].

Step 2: Datasets consisting of the electricity consumption patterns
of EVs and households minus EV were compiled. The electricity
demand pattern of the household minus EV was simulated with
the SEPATH generator® [26,27]. Two demand patterns for the elec-
tricity consumption of electric vehicles (EV) were drafted, namely

3 The whole analysis is performed at a 15 min interval for 1 day of each of three
seasons: summer, winter as well as spring and autumn combined. This time step is
short enough for an accurate analysis [24].

4 MARKAL-NL-UU is a version of the MARKAL model, originally developed by IEA-
ETSAP specific for the energy sector of the Netherlands. It was developed by van den
Broek [23,25].

5 SEPATH is a fully validated pattern generator that simulates the present day
electricity demand of households over a 24-h period. It was developed by KEMA and
IVAM [27,28].

“controlled” off peak charging and “uncontrolled” charging during
peak hours.

Step 3: As it is assumed that the CHP installations follow heat
demand, the electricity generation patterns of the CHP installa-
tions were deduced from this demand. Heat demand patterns of
households were simulated with KEMA’s TREIN model® [28,29].
Based on the heat-to-power ratio, datasets of the CHP’s electricity
generation patterns were composed.

Step 4: The gross costs and gross emissions of electricity produc-
tion by a CHP installation are calculated based on techno-economic
specifications with Eqgs. (1) and (2). The costs and emissions equiv-
alent to those of a household boiler are allocated to heat produc-
tion. The CHP is operated based on a heat-led strategy, which is
one of the CHP operational strategies suggested by Hawkes and
Leach [30]. The other two are an electricity-led and a hybrid strat-
egy that optimizes the total cost. Because the heat-led strategy
results in lower costs and emissions, and because the hybrid strat-
egy starts resembling the heat-led strategy at higher reimburse-
ment rates (>40% of electricity price), a heat-led strategy is
assumed.

Investment costs consist of the CHP investment costs, as well as
investments for a heat grid and backup boilers for the district CHP.
Furthermore, O&M costs are added to all of these investments. The
costs and emissions per GJ allocated to heat are set equal to those
of heat generated by a household boiler [31]. The formulas to cal-
culate the costs and emissions of household boilers and centralized
power generation are presented in (Appendix A) [31].

Ecgross‘household = (O( * I+ OM + F— rheat)/nhouseholds (1)

5 TREIN is a bottom-up model developed by KEMA that generates typical heat and
electricity demand patterns for 200 households for 6 representative days a year. The
heat profiles are based on the physical characteristics of houses and their heating
system as well as the behavior of the inhabitants [29,30].
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Fig. 2. Schematic overview of modeling approach.

where ECgross household 1S the gross CHP electricity cost for a household”
(e yr~'hh™1), o the capital recovery factor (yr—1), I the initial invest-
ment (€), OM the annual costs for operation and maintenance (€ yr!),
Fthe annual fuel costs (€ yr '), rreq: the revenues from allocating costs
to heat (€ yr™1), and Npousenoids is the number of households (hh).

EEgross,household = (efuel - ebheat)/nhouseholds (2)

where EEg o5 housenold 1S the gross CO, emissions of electricity for a
household (tCO, yr~' hh™1), esel the annual CO, emissions from fuel
consumption (tCO2 yr~!), ebpeq the CO, emission benefits from
allocating emissions to heat (tCO2 yr™!), and Npousenoids is the num-
ber of households (hh).

2.2.1. Calculating the optimal power supply
Step 5 is a balancing step, where the electricity production of
CHP installations is compared to the electricity demand of the total

7 “hh” is used as an abbreviation for “household” throughout this article.

household for every 15 min interval. When a surplus is generated,
electricity is sold to the grid at a percentage of the marginal elec-
tricity price (Eq. (3)). The associated emissions from the CHP are
allocated to the grid at the marginal emissions of grid electricity
(Eq. (4)). The opposite occurs when too little electricity is gener-
ated: electricity is bought from the grid, and emissions are allo-
cated to the household. For sales to the grid, the revenues are a
fixed percentage of the marginal electricity costs. This reflects that
the feed-in of CHP-electricity displaces the fuel costs of centralized
generation, but not the investment costs of the centralized power
plant.

96%365

Ean‘dbalancing = Z {(Ecgn'dbalancing.i)} (3)

i=1

ECygridbatancing 15 the annual costs of grid electricity for balancing
(€ hh™" yr"), ECyridbatancing; the cost of exchanging electricity with
the grid at moment i (€ 15 min~! hh™1).

EC,dbatoncine i = { (ESctp,i — EDnousehold.i) * ECgrid.i * Peostbenesis if EScrpi — EDnousenod.i > 0
ETERAARTEL ™\ (EScipi — EDnousehold,i) * ECgriai if ESciipi — EDnousehold < 0
(4)

ECgridbatancing,i is the cost of exchanging electricity with the grid at
moment i (€ 15 min~' hh™"), EDhousenoid the total household electric-
ity demand (kW h 15 min~! hh™!), EScyp the CHP electricity supply
(kW h 15 min~" hh™'), EC;q the marginal grid electricity cost, as
shown in Fig. 5. (€ kW h™!), and Peostbenefits 1S the reimbursement
as a share of the marginal cost (%).

96%365

EEgrigbatancing = Z {(ESctip,i — EDnousenold,i) * EEgria i } (5)

i=1

EEgrigpatancing 1S the annual emissions of grid electricity
(tCO, yr~ ! hh™1), EDpousenoia the total household electricity demand
(kWh15min ' hh™!), ESep the CHP electricity supply
(kW h 15 min~' hh™!), and EE; is the marginal grid electricity
emissions, as shown in Fig. 6 (tCO, kW h™1).

Step 6: By correcting the gross costs and emissions of the CHP
generation options with the balancing results, the net costs and
emissions are calculated (Egs. (6) and (7)).

ECnet.househald = (Ecgross.household - ECgﬂ'dbalancing)/EDhausehold (6)

ECpethousenoia 1S the specific net household electricity costs
(€kWh™), ECgross,nousenota the electricity costs of total household
(€yr ' hh™1), ECyridbatancing the total annual costs of grid electricity
(e yr~'hh™1), and EDpousenoid is the electricity demand total house-
hold (kW hyr~' hh™1).

EEnet.hausehold = (EEgross.household - EEgridbalancing)/EDhousehold (7)

EE et housenold 1S the specific net total household electricity emissions
(tCOx kW h), EEgrossnousehola the electricity emissions of total
household (tCO, yr="' hh™"), EEgrigpatancing the total annual emissions
of grid electricity (tCO, yr~' hh™!), and EDpousenoia is the electricity
demand total household (kW hyr~'hh™).

Step 7: Finally, the abatement costs are calculated as compared
to the reference cases using Eq. (8) [32]. The reference cases draw
all electricity from the grid, which can be calculated with Egs. (3)
and (4) when assuming a CHP electricity supply of 0. The costs
and emissions of the petrol vehicle in the petrol reference case
are those resulting from travelling a distance equivalent to the dis-
tance an EV can travel on 1 kW h.®

8 The petrol vehicle is equivalent to the EV in terms of size and performance. Its
energy consumption amounts to 1.90 M] km~! tank-to-wheel, which corresponds to
CO, emission of 140 g km ! tank-to-wheel (163 g km~! well-to-wheel) [6].
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ECnet,household,ref)/(EEne[.household.ref
- EEnet‘household‘gen) (8)

where ACco2 gen 1S the specific CO, abatement costs of the generator
(€ tCO;l), EChetnousehotd.gen the cost of electricity of the generator (€
kwh1), ECret household,res the cost of electricity in the reference case
(e kWh™), EE et nousenold,rer the electricity emissions in the reference
case (tCO, kW h™1), and EE et nousenold.gen 1S the electricity emissions
of the generator (tCO, kW h™1).

ACCOlgen = (ECnet.househuIdgen -

2.2.2. Joint CHP and EV implementation

The specific costs and emissions of electricity for the EV are
composed of two parts: those from CHP electricity and grid elec-
tricity. CHP electricity is allocated to either the EV or the household
minus EV, where the latter is served first. Any remaining electricity
demand is supplied by the electricity grid. From these three ele-
ments, the average cost and emissions of CHP electricity is calcu-
lated. Those associated with the import of grid electricity for the
EV are calculated per time step with the marginal curves from step
2 and added up.

Unlike step 5, step 8 is a balancing step with separate export
and import calculations. First of all, the income from selling sur-
plus CHP-generated electricity to the grid are calculated (Eqgs (9)
and (10)). As in step 5, cost benefits are a fixed percentage of the
marginal electricity costs. The emission that can be allocated to
grid electricity are quantified with Eqgs. (10) and (11). Next, the
costs associated with importing electricity for the EV are calculated
with Egs. (12) and (13). Eq. (13) determines the CHP-generated
electricity that is available for the EV after the household minus
EV demand has been fulfilled for every time interval. The results
are used in Eq. (12) to calculate the costs of buying grid electricity
when the CHP supply is insufficient., The emissions of using grid
electricity are calculated the same way with the marginal emis-
sions of grid electricity rather than the marginal costs. Lastly, the
percentage of electricity supplied by the CHP as part of the total
EV demand is determined

964365
Ecmdbalancing‘positiue = Z {ESCHP,tagTid.i * Ecmd.i}*pcostbeneﬁts (9)
i-1

ECqgridbatancing positive 1S the revenue associated with exporting electric-
ity to the grid (€ yr~" hh™"), EScup rogria; the electricity supplied from
the CHP to the grid at moment i (kW h 15 min~' hh™!), ECgiq; the
marginal cost of grid electricity at moment i (€ kW h™1), and Peostben-
efits 1S the reimbursement as a share of the marginal cost (%).

96%365

ECaridbatancing posisive = Y {ESctp togriai * ECaria i} * Deosthenefits (10)
i

ECqgridbatancing positive 1S the revenue associated with exporting electric-
ity to the grid (€ yr—' hh™), EScup ogria; the electricity supplied from
the CHP to the grid at moment i (kW h 15 min~! hh~1), and EEgiq,i is
the emissions of grid electricity at moment i (tCO, kW h™1).

EScpi — EDpousehotdi  if EScupi —
0 if EScup; — EDnousehotaj < 0

EDhouseholdi >0
ESCHngrid,i = {

(11)

ESchprogria,i is the electricity supplied from the CHP to the grid at mo-
ment i (kW h 15 min~" hh™"), ES¢yp; the electricity supply by CHP at
moment i (kW h 15 min~! hh™?!), and EDpousenoi; iS the electricity
demand of the total household demand at moment i
(kW h 15 min~! hh™1).

(EDEV.i - ESCHP[OEV.i) if (EDEV.i - ESCHPmEV.i) >0

ESgrideorvi =
gridtoEV i { 0 if (EDev;i — EScuprorv.i) < 0

(12)

ESgridarorv; is the grid electricity supplied to EVs at moment i
(kW h 15 min~—' hh™"), EDgy; the electricity demand of EV at mo-
ment i (kW h 15 min~! hh™"), ESepeorv;; is the cHP electricity supply
available for EVs at moment i (k Wh 15 min~! hh™1).

ESchprorvi = EScup.i — EDrouseold nokv.i ifESCHP,i — EDnousehold.noev.i
toEV, :
oV >0 leSCHP.i - EDhousehold.noEV.i < 0

(13)

ESchproev,i is the cHP electricity supply available for EVs at moment i
(kW h 15 min~" hh™"), EScyp; the electricity supply by CHP at mo-
ment i (kW h 15 min~" hh™"), EDpousenoianotv, the electricity demand
of household minus EV demand at moment i (kW h 15 min~! hh™").

Step 9: By combining the grid balancing results of step 8 and the
gross C&E figures of step 4, the specific C&E of electricity to power
electric vehicles are calculated with Egs. (14)-(16).

96%365

Powe =, {EScurorv.i}/EDsv tota (14)

i=1

Pcup is the share of EV electricity demand supplied by CHP (%),
EScuproev, the local electricity supply available for EVs at moment i
(kW h 15 min~' hh™"), and EDgy 01 is the total annual electricity
demand of EV (kW hyr~'hh™1).

ECEV,spec = (Ecg‘ross‘household - Ecgridbalancing,positive)/EDCHPsupplied
964365
*Denp + ( > {ESgridtorv.i * Ean‘d.i}/EDEv> * (1= Peup)
i=1

(15)

ECgypec is the average cost of electricity for EV (€ kW h™),
ECgrosshousenola the gross CO, costs of electricity for a household
(€yr"hh™"), ECgidpatancingposicive the revenue associated with
exporting electricity to the grid (€yr! hh1), EDchpsuppliea the
household electricity demand that is supplied by the CHP
(kW hyr~' hh™1), peyp the share of EV electricity demand supplied
by CHP (%), ESgriarov,i the grid electricity supplied to EVs at moment
i (kW h 15 min~! hh™'), ECg4; the marginal cost of grid electricity
at moment i (€ kW h™1), and EDgy is the electricity demand of EV
(kWhyr~'hh™)

ECEV.spec = (Ecgross.hnusehuld - ECgridbalancing.positive)/EDCHPSuppliecI * Dchp

961365
+ ( Z {EsgridtoEV.iECgTid,i}/EDEV> * (1 = Peyp) (16)

i=1

EEgyspec is the average electricity emissions for EV (tCO, kW h™),
EEgross,nousehold the gross CO, emissions of electricity for a household
(tCO, yr~' hh™ ), EEgrigpatancingposicive the emissions benefits associ-
ated with exporting electricity to the grid (tCO, yr™! hh1), EDcripsup-
plied the household electricity demand that is supplied by the CHP
(kW hyr~' hh™1), peyp the share of EV electricity demand supplied
by CHP (%), ESgriarov,i the grid electricity supplied to EVs at moment
i (kW h 15 min~' hh™1), EEg4; the marginal emissions of grid elec-
tricity at moment i (tCO, kW h™!/), and EDgy is the electricity de-
mand of EV (kW hyr~' hh™1).

Step 10: The final step consists of calculating the abatement
costs as compared to the reference case, which is an EV powered
solely by grid electricity,® and as compared to the petrol case (Eq.

(17)).
ACCOZ = (ECEV.spec‘CHP - ECEV.spec‘ref)/(EEEV.spec.ref - EEEV.spec.CHP) (17)

where ACco; is the specific CO, abatement costs (€ tCO5 b, ECevspec-
cup the cost of electricity for EV for the CHP installation (€ kW h™1),

9 The costs and emissions of the reference case for RQ2 are comparable to those
calculated for the reference case of RQ1 in step 7. For RQ2, only the electricity demand
of the EV is considered, rather than of the total household.
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Table 1
Overview of the cases considered in the study.
System boundaries Power generation option Acronym in
graphs
Grid reference Grid-ref
Petrol reference Petrol-ref
District heating NGCC NGCC-CHP
Fuel cell FC-CHP
Fuel cell with Carbon Capture FCCCS-CHP
and Storage
Micro-CHP Micro CHP 1-CHP
Centralized low carbon Low carbon electricity mix LC-Grid

generation

ECev,specrer the cost of electricity for EV in the reference case (€
kW h™1), EEgv spec.res the electricity emissions for EV in the reference
case (tCO, kW h™1), and EEgy spec.cup is the electricity emissions for
EV for the CHP installation (tCO, kW h™1).

2.3. Cases studied

A number of different cases are compared to each other in this
analysis. The different technologies considered are shown in table
1. At the same time, different EV penetration levels are considered,
as the total size of the EV electricity demand affects the outcomes.
A 6% (low penetration), 30% (high penetration), and 100% (full pen-
etration) of the cars in a neighborhood are considered. The abate-
ment costs are calculated as compared to the reference case as well
as the petrol case.

To determine the optimal power supply, equal shares of con-
trolled and uncontrolled charging are assumed. The share of EV
electricity demand is relatively small in this analysis as compared
to the household demand, so the impact of the charging pattern is
limited. When evaluating the joint implementation of EVs and CHP,
the charging patterns are considered separately as they influence
the outcomes.

3. Input data
3.1. General assumptions

In this paper, efficiencies are expressed in lower heating values,
costs in €907, and an exchange rate of 0.73 was used to convert
$2007 t0 €007 [33]. Whenever emissions are mentioned, they refer
to CO, emissions. The term EV refers solely to a PHEV, not a BEV.

The analysis is based on costs, so taxes and profits are not taken
into account. Also, costs associated with transport of gas and elec-
tricity and household connections to their respective grids are not
included, because these are considered outside the scope of the
study.'® The fuel costs and emissions factors used are shown in
Table 2.

3.1.1. Electricity grid losses

When electricity is transported, losses proportional to the trans-
portation distance are introduced. Average losses in The Netherlands
on high, medium and low voltage grids are estimated at 0.6%, 3.0%
and 0.4% respectively [38]. Thus, total distribution losses from a cen-
tralized power plant to a household amount to 4% in total [39,40].

10 The costs of transportation of electricity and natural gas that are (indirectly)
incurred to households can be based on the capacity of the connection, the quantity of
transported energy and/or the ratio of peak demand compared to average demand.
These factors are dependent on the physical and legal setup of the system, which have
not been further investigated.

Table 2

Energy prices and emissions.
Parameter Value Range Source
2030 cost of coal 2.7€G]! +50% [34]
2030 cost of natural gas 8.5€G]! +50% [34]
2030 cost of petrol® 0.56€1! +50% [34,35]
2030 CO, permit price 15 € tCO;! 0-50 € tCO;!
Coal emission factor 95 kg CO, GJ ! [36]
Natural gas emission factor 56 kg CO, GJ ! [36]

¢ Based on an forecasted petrol price in the US in 2030 of 30.32 $(2009)
MMBTU !, where the cost part is assumed to consists of 80% of the price, which was
the average share of the oil and refining cost components in 2011 like in July 2011
[37]. This corresponds of an oil price of about 117$ barrel ™!

3.2. Electric vehicles and their electricity demand

A typical average vehicle (a compact 5-seater vehicle equipped
with either an electric or petrol drivetrain with a power train of
74 kW) is considered in this study based on van Vliet et al. [5]
and Campanari et al. [6]. The term ‘electric vehicle’ refers in this
study to a PHEV with an all-electric range of 50 km (PHEV-50).
The specific plug-to-wheel electricity consumption of the EV is
0.103 kW hkm~! (+0.02) [6]. It is assumed that households will
have one car [41,42], and that these cars will drive 38 km per
day, which is the average driving distance in the Netherlands and
the United Kingdom [43,44].

The daily electricity demand of EVs is distributed over the day
according to two charging regimes: uncontrolled charging, and
controlled (off-peak) charging. Uncontrolled charging results in a
bell shaped demand curve of which the peak coincides with the
evening peak of the regular electricity demand (Fig. 3), as pre-
sented in previous studies [45,46]. Controlled charging is opti-
mized to fill the nighttime valley in electricity demand.

3.3. Household heat and electricity demand

3.3.1. Household electricity demand

The electricity demand pattern for a set of 2000 households in a
Dutch urban environment in the year 2003 was simulated using
the SEPATH generator. Since the generator cannot simulate spring
and autumn conditions, the average of the summer and winter
simulation were used for these seasons (Fig. 4).

Although the electricity consumption of households has grown
strongly in the past, the growth is expected to level off or reverse
between 2010 and 2020 [47]. The average household electricity
consumption in 2010 of 3400 kW h household™! yr! is assumed
to stay the same until 2030 (+400 kW h).

3.3.2. Household heat demand

The daily heat demand patterns of 12 reference households in a
Dutch urban environment were simulated using the TREIN model
for 2008. Heat demand is expected to decrease in the future as a
result of better insulation [47]. Therefore, the heat demand pattern
was uniformly decreased in line with a reduction of the yearly heat
demand per average household from 42 GJ in 2000 to 28.1 GJ in
2030 (+20 GJ) (Fig. 5). This amount is composed of 20 G]J for space
heating, and 8.1 GJ for hot water heating [39,47]. Large variations
in heat demand exist between different types of houses, the effect
of which is discussed in the sensitivity analysis [26,28].

3.4. CHP electricity generation

3.4.1. District CHP
Large future district CHP systems (>50 MW CHP capacity) are
likely to be based on a combined cycle turbine, or SOFC fuel cell.
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Electricity demand of 1000 households and electric vehicles
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Fig. 3. Charging patterns of electric vehicles and regular electricity demand pattern aggregated for 1000 households on a winterday for high (30%) EV penetration.
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Fig. 4. Prediction of the average electricity demand pattern of a single household for different seasons in 2030 based on SEPATH simulations of the patterns of 2000

households in 2003.
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Fig. 5. Predictions on the average heat demand pattern of a single household for different seasons in 2030 based on TREIN simulations of the heat demand pattern in 2008.

Forecasted efficiencies and investment costs of the different dis-
trict CHP types were taken from literature, as shown in Table 3.!!

Table 4 shows other relevant parameters for the district heating
system. The available CHP capacity per household is determined in
such a way to ensure a high load factor. As a consequence, not all
heat demand is covered by the CHP installation, and auxiliary boil-
ers are included to generate heat during peak demand. The heat is
transported to households through a heat grid. This grid has two
main disadvantages: it is expensive to construct and it introduces
heat losses. The cost and losses are rather specific for each area, so

1 A complete overview of reported specifications can be found in Appendix B.

an average from different locations is used. Electricity is trans-
ported from the district CHP system to the households via the
medium and low voltage grids, which also causes transport losses.
When the CHP installation produces more electricity than needed
in the households, it is exported to the grid at a fixed percentage
of the total marginal grid electricity costs, and 100% of the mar-
ginal emissions. If CHP electricity production is insufficient, elec-
tricity is imported from the grid at a price equal to the total
marginal costs and emissions.

3.4.2. Micro CHP
A micro CHP unit is comparable to a regular household boiler,
except that it also produces electricity. Compared to the district
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Table 3

Specification of district CHP installations.
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NGCC-CHP 2030 Literature range [24,48-52] 2030 Model values
Electrical efficiency 35-55% 43%

Total efficiency (power and heat) 60-88% 80%

Investment cost (€/kW) €773-€1250 €850

Scale (MW,) 30-90 90

0&M (€/MW h)/(%)* €42 -€11.2 €5

Fuel cell 2030 Literature range [53-57] 2030 Model values
Electrical efficiency 30-63% 52%

Total efficiency (power and heat) 65-90% 85%

Investment cost (€/kW) Target: €1000-€1250 €1750

Scale (MW.) 0.25-5 0.25-5

O&M (€/MW h)/(%)* €3-€25 €15

Fuel cell + CCS 2030 Literature range [57-59] 2030 Model values
Electrical efficiency 40-47% 49%

Total efficiency (power & heat) 79-82% 77%

Investment cost (€/kW) Target: €1800 - €2000 €2500

Scale (MW,) 0.47-20 20

0&M (/MW h)/(%)* 5% €21

CO,, capture rate 100% 99%
¢ O&M costs can either be expressed in costs per MW h, or as a yearly percentage of the investment costs.

Table 4
Other relevant parameters district CHP.

Parameter Value Source
Dimension CHP system 50,000 households® [60]

Size of CHP system 1.8 KWheae per household® [61]
Lifetime CHP unit 25 years [62]
Electric losses 3.4%¢ [38]
Revenues from electricity export 75% of total marginal cost?

Heat losses of district CHP grids 12.5%¢ [62-64]
Investment costs of district CHP grids 200 Me" [62,65,66]
Lifetime heat grid 45 (40-50) years [62,67]
Backup boiler capacity 450 MW [61]
Backup boilers investment cost 5.75 Mg (for 450 MW) [68,69]
Heat demand covered by backup boilers 24%8 [61]
Backup boiler efficiency 90% [62]
(Social) discount rate 5% [36]

CO,, transport and storage 16.4 €/tonne” [70,71]

2 This is the size of a large scale district heating system in urban areas in The Netherlands.

b To deliver 28.1 GJ/hh/a with a CHP capacity of 1.8 kW, (6.5 MJy,) results in about 4330 full load hours. It has been reported that a CHP can be operated economically from
4000 full load hours onwards [61].

¢ Composed of losses at the medium and low voltage grid.

4 When exporting CHP-generated electricity to the grid, centralized production is displaced. This negates fuel and variable O&M costs at a central level, but not investment
costs. The feed-in tariff therefore equals the marginal cost minus the average investment costs, which ranges from 14% to 44%.

¢ Estimates on heat grid efficiency vary significantly, which can be largely attributed to differences in utilization rate (at higher rates, the loss is lower) and pipe types
[72,73]. An value of 12.5% is assumed, based on the following reported values, assuming that best practices will be implemented.1g;q currently varies from 13% to 30% in The
Netherlands [62]. 21.4% for a central CHP system and 17.9% for a district CHP system in The Netherlands [63]. Aassumed to be 19% for the Lombardy region [64]. Between 9%
and 16% for a case study of the city of Pordenone [74]. 174,;q varies between 6-7% in Finland, 7-9% in Sweden and 15-30% in Russia [72].

 The investment costs of a heat grid are very location specific. A number of reports supply general cost estimates, from which the costs for a CHP system with 50,000
households are calculated. These are: 206 M€, based on rough cost figures and a combination of 50% newly built connections and 50% retrofitted connections in The
Netherlands [62]. 300 M€, based on rough fixed-cost figures for Austria [66]. According to a report by CE Delft, depreciation costs of the heat grid make up between 9% and
30% of the cost per GJ delivered in The Netherlands. A cost of 200 M€ corresponds to a depreciation cost share between 15% and 24% of the total costs [75]. A investment cost
of 200 ME is used, based on the reported values for The Netherlands.

& Based on a standard heat duration curve for the Netherlands and the methodology to size a CHP installation, the share of heat demand covered by backup boilers was
calculated [61].

" Based on figures for small-scale transport (2.5 Mt CO, yr—") through an offshore pipeline of 180 km (9.3 €(2009) tonneCOz’1 ), and average storage costs for offshore storage
in an depleted gas field (8 €2009) tCOg1 ), corrected to €007y [70,71].

CHP systems, efficiencies are generally lower and specific invest- eric “Micro-CHP” option was defined for this study as shown in
ment costs of the installations are higher, but no expensive heat Table 6.

grid is required.

Because of the much smaller scale of micro-CHPs compared to
the district CHP systems, the micro-CHP option in this analysis is
based on different types of technologies than were chosen for the
district CHP systems. Based on the forecasted performance of a
Stirling engine micro CHP and a PEMFC fuel cell micro-CHP, a gen-

In Table 5 the other relevant parameters for the micro-CHP case
are presented. Similar to the district CHP system, the capacity is
insufficient to cover peak heat demand during winter, and a resis-
tive heater will provide heat during these situations. Moreover,
electricity import and export prices are the same as for the dis-
trict-CHP.



A.S. Brouwer et al./Applied Energy 107 (2013) 33-51 41

Table 5

Relevant parameters of a micro-CHP system.
Topic Value Source
Size p-CHP 3 kW, per household?®
Heat supplied by p-CHP 90% of total demand®
Discount rate 10% [76]
Lifetime CHP unit 15 years [77]
Electric losses 0.4% [38]

Revenues from electricity export 75% of total marginal cost®

2 Size is based on the design criterion of district CHP systems [61]. The size is
larger than for a district CHP system, because the relative peak load (kW, hh™') is
larger. The households in a district CHP system do not have a completely simul-
taneous heat demand, which results in a flattened peak demand.

" The micro-CHP will not be able to supply all heat, but it will supply significantly
more than the district-CHP, as its capacity is 67% larger. A value of 90% is therefore
assumed.

¢ Similar to feed-in tariff of a district-CHP.

Table 6
Specification of micro CHP installations for 2030.
Micro-CHP Stirling values PEM-FC values Model
specifications [39,77-79] [39,53,78] values
Electrical efficiency 16-30% 32-36% 30%
Total efficiency 90-94% 85-90% 90%
Investment cost (€/ €750-1550 Target: €900- 1400
kw) €1500
O&M (% of initial 3.3%% 2% 2%
investment)
Scale (kW,) 1-1500 1-5 1.5

2 This percentage seems to be on the high side, because Stirling engines are
generally considered low maintenance [80].

Table 7

Relevant parameters of central heating per household.
Parameter Value Source
Efficiency 94.1% for room heating 79.7% for hot water [39]
Investment € 1000 per household (10 kW heater) (€720- [62,81]

cost €2000)

O&M costs € 15 per household yr! [81]
Lifetime 15yr [82]
Discount rate 10% [36,76]

Table 8

Other parameters used for calculating costs and emissions centralized power plants.
Discount rate 10% [85]
Lifetime plants 20 years for NG plants, 40 year for coal  [24,85]

plants
Capacity factor 85% [85]
CO,, capture ratio CCS 85% [85]
CO, transport and storage  10.8 €/tonne CO, stored? [70,71]
costs

2 Based on figures for large-scale transport (20 MtCO, yr~') through an offshore
pipeline of 180 km (3.4 €2009)/tC0O,)[71], and average storage costs for offshore
storage in an depleted gas field (8 €009) tCO;1 ), corrected for inflation [70,71].

3.4.3. Household boiler specifications

A household boiler is used in a number of cases to generate
heat. The heat demand and operational parameters of a household
boiler are shown in Table 7.

3.5. Centralized electricity generation

3.5.1. Grid electricity
The 2030 cost and CO, emissions of grid electricity are assumed
to be equal to the variable generation costs and emissions of the

marginal electricity generating unit. The expected electricity de-
mand is based on the demand in 2006-2008, which is corrected
with an autonomous increase factor of 1% per year [47,83,84].

The electricity supply curves were constructed based on the ex-
pected installed capacities of different power plant types in The
Netherlands in 2030 and the techno-economic parameters of these
power plants. The capacities were modeled using the MARKAL-NL-
UU based on the Impasse and Grand Coalition MARKAL-scenarios,
as described in [22,23,25], for the reference and low-carbon sce-
narios respectively. The techno-economic data are based on those
of the MARKAL model, and of Table 8. The merit order is based
on the levelized variable costs, and shown together with the pro-
duction costs and emissions in Table 9.

The supply curves of the business as usual scenario are depicted
in Figs. 6 and 7. During the night, the marginal production units are
older coal fired power plants (existing super- and subcritical),
which have somewhat lower generation costs, but much higher
emissions than the more modern natural gas power plants (NGCC
plants from 2020 and 2030) that supply electricity during daytime.

The average costs and emissions for an 10% increase or decrease
of the national electricity demand are also included. When electric-
ity demand increases, natural gas capacity will be more often the
marginal capacity, leading to lower emissions and somewhat high-
er prices. A reduced demand leads to a shift to coal generation,
with the opposite effect. During the night, more efficient coal units
will be used when the demand is lower, which reduces the
emissions.

4. Results
4.1. Electricity demand of electric vehicles

The electricity demand of an EV is 3.9 kW h (+0.8 KW h) per car
per day assuming it travels 38 km per day and has a plug-to-wheel
electricity consumption of 0.103 kW h/km (£0.22 kW h). As shown
in Table 10, the extra demand for EVs results in a small to moder-
ate increase in electricity demand at neighborhood level in the low
and high EV penetration cases. However, in the full penetration
case, the resulting increase of 42% of normal household electricity
demand is considerable. The distribution of the extra demand over
the day is important, as shown in Fig. 8. When charging in an
uncontrolled way, the extra demand coincides with evening peak
demand at household and national level.

4.2. Electricity production of CHP installations

The pattern of CHP electricity production over time depends on
the pattern of the heat demand and varies throughout the seasons.
Fig. 9 shows the excess or lack of electricity generation by the CHP
compared to the demand, which needs to be exported or imported
to or from the grid, respectively. Remarkably, the electricity pro-
duction by the CHP coincides better with the EV-demand pattern
of uncontrolled charging than controlled charging during the night.
The depicted option, a fuel cell with CCS, has the lowest heat-to-
power ratio, and produces most electricity as a result. Other dis-
trict CHP installations produce up to 50% of the EV electricity de-
mand, and a micro CHP installation only 30%.

In Fig. 10, an overview is given of the total yearly average elec-
tricity flows per household for different types of CHP installations.
Results for controlled and uncontrolled charging resemble each
other closely. As shown, a CHP installation with a relative high
electricity production (low heat-to-power ratio) does not substan-
tially reduce the amount of electricity that has to be imported.
Although it is possible to export almost six times more electricity
with a fuel cell with CCS than with the NGCC, the imports are only
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Table 9
Generation capacities, merit order and economic as well as environmental performance of power plants in The Netherlands by 2030. The years refer to the decade in which the
plants were built. Low-carbon capacity is the capacity on which the LC E-mix option is based.

Technology Reference business as usual Variable (O&M and Total electricity costs of Emissions of generator Low-carbon
Capacity (GW) fuel)_costs (€ MW h™1) generator (€ MW h™1) (tCO, MW h™1) capacity (GW)
Merit order for business as usual scenario (early dispatch — late dispatch)
Other 0.7 0.0 0.0 0.0 0.7
Wind offshore 4.2 0.0 83.8 0.0 4.2
Wind onshore 6.0 0.0 58.2 0.0 6.0
Nuclear 0.5 6.9 49.4 0.0 0.5
IGCC with CCS 0.0 323 70.0 0.1 6.3
IGCC retrofitted 0.0 323 70.0 0.1 -
with CCS
PC 30 2.7 33.0 60.5 0.7 -
PC 20 0.2 35.1 63.8 0.7 -
IGCC 03 36.5 72.7 0.8 0.3
PC 10 3.6 37.2 68.1 0.8 3.6
Existing 1.2 38.8 64.6 0.8 1.2
supercritical
PC with CCS 0.0 431 81.2 0.1 -
PC retrofitted 0.0 43.1 81.2 0.1 1.8
with CCS
Existing 2.1 433 69.1 0.9 2.1
subcritical
NGCC 30 0.6 55.8 67.0 0.3 0.6
NGCC 20 5.0 58.6 69.9 0.4 5.0
NGCC 00 35 60.6 73.2 0.4 3.5
NGCC 10 5.9 60.6 73.2 0.4 5.9
NGCC with CCS 0.0 64.8 82.1 0.1 2.7
NGCC retrofitted 0.0 66.1 83.5 0.4 -
with CCS
CHP CC 1.8 89.3 110.1 0.5 0.8
CHP gas engine 0.0 92.2 109.1 0.5 5.0
CHP GT 0.0 1304 147.7 0.8 1.1
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Fig. 6. Total marginal grid electricity generation cost throughout the day in The Netherland in 2030 in the Business as Usual scenario.
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Fig. 7. Marginal emissions of grid electricity throughout the day in The Netherland in 2030 in the Business as Usual scenario.
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25-35% lower. This is because electricity generation is much larger
than supply most of the time: only during hours when heat de-
mand is low, the deficit of electricity generation has to be im-
ported. Finally, in a case with full EV-penetration and supply of
electricity by a micro-CHP, which a type of CHP with high heat-
to-power ratio, the export volume is very small and the import vol-
ume is large.

Table 10
Average annual EV electricity demand on a household level.

% Increase of
neighborhood
demand

2.5% (+0.5%-point)
12.6% (+2.7%-point)
42.0% (£9.1%-point)

Electricity demand
EV (kWhyr Thh™1)

86 kW h (+19 kW h)
429 kW h (293 kW h)
1429 kW h (£309 kW h)

Low EV penetration (6%)
High EV penetration (30%)
Full EV penetration (100%)

4.2.1. Optimal way to supply electricity to household and EV

Large differences occur between the specific emissions of differ-
ent generation options (Fig. 11). The FCCCS-CHP achieves negative
emissions on paper, because emissions that are allocated to heat
(1.8 tCO, hh~!yr~!) are subtracted from the already low emis-
sions. A slight increase can be seen for all CHP options from 30%
to 100% penetration, which is the result of insufficient electricity
production by the CHP installation, mostly during the night. In-
stead, mainly coal-fired grid electricity is used at these times, with
high associated emissions. The emissions of a household with a
petrol vehicle are over twice as large as the emissions of any CHP
plant or the low carbon grid scenario.

The cost figures show that district CHP generators are more
expensive than the others (Fig. 12). This can be explained by the
expensive installation, which consists of relatively expensive
CHP-unit, and extra costs for the heat grid. The micro-CHP lacks
the heat grid and backup boilers, and is much cheaper. The same
applies for the grid reference and low carbon electricity mix, which
is powered by centralized power plants. The penetration level has a
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1.6 7
30% penetration, controlled charging

. 149 = ==-30% penetration, uncontrolled charging R
< 1.2+ == ®100% penetration, controlled charging / > .
= 104 = * 100% penetration, uncontrolled charging . N\
e - <+« Household demand without EV S
:' 08 o e e = ‘ ,I-'~'--“;\\\c
9 061 > '/-, l\
q:, 0.4 _\ ° ,/. .'\.
w 947 /L——-d"-"“ LR

024— ’%-ka-—-——

0.0 T T T T T !

0 4 8 12 16 20 24

Time of the day (hours)

Fig. 8. Electricity demand of a single household without an EV compared to that of households with an EV at high (30%) and full (100%) penetration rates for controlled and
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boilers, so electricity generation by the CHP is stable during peak hours.
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Household electricity balance for different CHP installations
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Fig. 10. Electricity balances for the controlled charging cases at low (6%) and high (30%) EV penetration levels over the course of one year.

Average specific electricity and petrol emissions
of a single household

< 1
s
s 05
o~N
(@] 04
(&)
= Petrol emissions
g -0.5 = Low penetration (6%)
g A High penetration (30%)
€ = Full penetration (100%)
w15 T T T T T T |
N 2 Q Q Q Q <
Q 3
& & I &K o o Q/,@\
€ e° L OO% oY N O
&L €

Fig. 11. Specific emissions of the different cases. Petrol vehicle emissions are emitted whilst driving the average driving distance (38 km day!).
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Fig. 12. Average electricity costs of households in the different cases. Petrol vehicle emissions are emitted whilst driving the average driving distance (38 km day ).

minimal effect on the specific electricity cost for the grid powered
cases, because the electricity price does not fluctuate much during
the day, as shown in Fig. 6.

Abatement costs of CHP options are relatively high as compared
to the grid reference situation (Fig. 13). The main reason is the high
costs of these options, and the relatively small reduction in emis-
sions. Centralized options have relatively low abatement costs,
especially those with CCS, as a result of the low emissions.

Abatement costs are higher for uncontrolled charging than con-
trolled charging. This is caused by the relative low emissions in the
uncontrolled grid reference case, to which the CHP options com-
pare relatively unfavorably.

All cases can power a household and a vehicle with lower
emissions than the petrol vehicle reference case (Fig. 14). The

differences in abatement costs are mainly caused by the costs of
the different cases. The grid-powered and micro-CHP cases are rel-
atively cheap and can achieve negative abatement costs. It must be
noted that this only includes the energy that is required to drive a
car, which is only a minor component of the total cost of owner-
ship. Energy costs make up only 2-4% of the total cost of ownership
for EVs [5]. This topic is further discussed in the discussion section.

4.2.2. Joint CHP and EV implementation

After household demand has been fulfilled, EVs are charged
with CHP-generated electricity. The extent to which electricity is
available for EV charging is depicted in Fig. 15. Two trends can
be distinguished for district CHP installations: more CHP-gener-
ated electricity is used for charging at higher penetration levels
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Fig. 13. Abatement costs at different penetration levels as compared to the grid reference. Error bars show the costs for uncontrolled (higher values) and controlled (lower

values) charging.
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Fig. 14. Abatement costs for different penetration levels as compared to petrol reference case at full (100%) penetration.
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Fig. 15. EV-electricity demand covered by CHP installation, as compared to total average EV-electricity demand per household for controlled and uncontrolled charging

modes.

and a clear difference exists between controlled and uncontrolled
charging. The latter is the result of the match between CHP-elec-
tricity generation and EV demand. While the EV-demand of the
uncontrolled charging coincides with the evening peak of CHP-

electricity production, the controlled charging takes place when
electricity production is low. As a result, 25-35% of the electricity
for controlled charging is supplied by a CHP at full penetration,
compared to 60-75% for uncontrolled charging. Micro-CHP elec-
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Fig. 16. Abatement costs of electricity supply to EV for different generation options, compared to grid reference and petrol reference. The costs and emissions of the reference

petrol vehicle have been corrected for the lower TTW efficiency compared to an EV.

tricity production cannot even meet all household electricity de-
mand, and therefore only supplies little electricity to the EV.

Abatement costs do not differ much between different penetra-
tion levels of EVs, as shown in Fig. 16. Again, a clear distinction can
be made between controlled and uncontrolled charging. In the
controlled charging cases cheaper coal-fired grid electricity is used
to power EVs rather than relatively expensive CHP-generated
power, which decreases the overall costs of imports from the grid,
but increases their emissions. The overall electricity costs for the
EV decrease as a result, while the emissions increase. As the de-
crease in costs is stronger, the abatement costs become smaller
as compared to the uncontrolled charging case. At the same time,
the abatement potential also becomes smaller. The low-carbon
electricity mix is an exception to this explanation: for uncontrolled
charging is it largely powered by expensive natural gas capacity,
but during controlled charging it is powered by coal fired power
plants with CCS.

The micro-CHP options appear to be economically attractive
with negative abatement costs, but their abatement potential is
very limited. Only 4% of the EV electricity demand is fulfilled by
the micro-CHP, the rest is imported from the grid and is as such to-
tally almost identical to the reference case.

The abatement costs of powering a vehicle with electricity as
compared to doing so with petrol are promising (Fig. 16). They
clearly point out the strong point of EVs: that they can be powered
more cheaply and that their CO, emissions are lower compared to
conventional cars. However, energy costs represent only one com-
ponent of the Total Cost of Ownership, which is treated in the dis-
cussion section.

4.3. Sensitivity analysis

A sensitivity analysis was performed to check the robustness of
the results, as specified in Table 11. Results are shown for full
(100%) penetration because the results are more pronounced at
higher penetration levels. The effects of changes in parameters
have shown to be similar between controlled and uncontrolled
charging. Results are only shown for controlled charging because
its abatement costs are lower.

The sensitivity of the abatement costs of the combined house-
hold and EV to changes in input parameters are shown in Fig. 17.
The figures show that comparable trends can be observed between

Table 11
Sensitivity analysis variations.

Parameter Range (of Explanation for range
nominal
value)
Household heat —20%, Heat demand in the build
demand —50% environment could decrease
significantly in the future [86]
Energy prices +20% Uncertainty in future energy prices
Efficiency heat grid +10% Heat losses may be lower when heat
demand is concentrated, e.g. in large
apartment blocks
Efficiency CHP +10% Range in Table 4
Reimbursement for +20%, A wide range is considered, as the
electricity deliveries —20%, reimbursement is an uncertain,
to the grid -50% policy-driven parameter

the FC-CHP, FCCCS-CHP and NGCC-CHP options. A reduced heat de-
mand, lower CHP efficiency or reduced reimbursement for grid
deliveries increases the abatement cost, while a higher efficiency
of the CHP or the heat grid decreases it. For the FC-CHP and
NGCC-CHP the changes are more pronounced, because their costs
and emissions are closer to those of the reference situation. Varia-
tions in absolute costs in emissions will therefore have a stronger
effect for these cases. A decrease in heat demand and improved
heat grid efficiency have the strongest effects on the CHP cases,
which marks the importance of heat deliveries for their business
cases.

The abatement costs of the LC E-mix are not affected by changes
in CHP-related parameters. They are affected by fuel prices: these
change the merit order of the generators, which can have substan-
tial effects.

The sensitivity of the abatement costs of powering just the EV
are shown in Fig. 18. Most of the trends are comparable to those
seen for the household plus EV, but there are differences.

The effect of areduced heat demand is the main difference: it de-
creases rather than increases the abatement costs, as a result of the
calculated electricity supply cost. Limited CHP-electricity is avail-
able for the EV, as less is generated. Instead, grid electricity is used
that draws the abatement costs to the level of the grid-powered ref-
erence case at €0 per tonne. Furthermore, the effect of a change in
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Fig. 17. Sensitivity of abatement cost for powering the household and EV. Deviation from input variable is displayed on the x-axis.

the reimbursement for electricity deliveries from the CHP to the
grid is also somewhat stronger, especially for the NGCC-CHP.

5. Discussion

In this section, a number of limitations of the study are dis-
cussed, as well as some topics that can put the results in perspec-
tive. The main findings and key messages are presented in the

conclusion.

5.1. Impact of EV demand on cost and emission supply curves

The effect of an increase in the number of EVs on the national
power system is not included in this study. A substantial increase
in the number of EVs will change the national electricity demand
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curves, on which the marginal cost and emission supply curves
are based. Especially uncontrolled charging can aggravate the peak
demand of the whole power system. The cost of powering an EV
would increase as a result, while the emissions might increase or
decrease, depending on the change in marginal generators.

In this study, the effect of extra CHP-installations on the na-
tional cost and emission curves is also not included, because the
scope of this analysis is an area with just 50,000 households. Com-
pared to the electricity supply and demand at a national scale, the
effects of this area are negligible.

5.2. Impact of merit order on the results

The merit order of the power system is an important factor for
this study’s analyses. It affects the outcomes in two ways. The mar-
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Fig. 18. Sensitivity of abatement cost for powering just the EV. Deviation from input variable is displayed on the x-axis.
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ginal costs and emissions determine the costs and emissions of ex-
changes between CHP installations and the grid. Secondly, the
marginal costs and emissions form the basis of the reference cases,
on which the abatement costs are based. A change of the marginal
generators caused by a different merit order can therefore signifi-
cantly alter the outcomes of this study.

The current scenarios produce results that are robust to some
variation in energy and carbon prices, as shown by the effect of a
change in demand in Figs. 6 and 7 and the sensitivity analysis. A
major change in carbon price resulting from policy, or a decrease
in coal-to-gas price ratio, for example resulting from the extraction
of unconventional gas, could change the merit order in the future.

5.3. Total cost of ownership of vehicles

This study has only considered PHEVSs, of which the energy costs
have shown to be 20-80% lower than that of a petrol vehicle. The
energy costs are only one component of the total cost of ownership
of a car, however. They amount to about 18% of the total costs of
ownership for the reference petrol vehicle, and 3-4% of that of a fu-
ture PHEV. The rest of the costs largely consist of the amortized
purchase costs (75-80% for a PHEV and 60% for the petrol vehicle),
and the maintenance costs (17-18% for a PHEV, and 20% for the
petrol vehicle). Overall, the total cost of ownership of a PHEV is
projected to be 13-24% higher than that of an equivalent petrol
vehicle [5].

The breakdown shows that the higher construction cost lead to
the higher total cost of ownership. In particular the batteries are
expensive. Their prices may decrease in the future, but only to a
limited extent, so battery-costs will probably remain a substantial
part of the construction cost of PHEVs [87]. It has been projected
that PHEVs with a large battery (range >100 km), and BEVs will
have a significantly higher (35-50%) total cost of ownership be-
cause of their expensive battery pack [7,88].

Other studies have looked at the total cost of ownership of a
PHEV. Depending on assumptions of battery and energy prices
and future tank-to-wheel efficiencies of cars, the total cost of own-
ership has been projected to be 15% [7] or 11% [89] higher than a
conventional petrol vehicle. Only with a small battery (range of
<20 km), PHEVs may have a lower total cost of ownership [88,90].

5.4. Considerations about a district CHP infrastructure

Considering the payback time and the nature of a heat grid, a
district CHP system is a long term and inflexible investment.
Although the CHP unit itself will be replaced after 15-20 years,
the system as a whole has a much longer lifetime, and will not
be able to adapt to changing conditions. The most important
change would be the forecasted decrease in heat demand, which
can occur abruptly when a whole neighborhood is renovated and
fitted with better insulation. Not only will this decrease the load
factor of the CHP units, it will also negatively impact the efficiency
of the heat grid.'? Investments in new grids should therefore be
carefully considered.

5.5. Use of thermal storage to modify heat demand patterns

The CHP electricity production pattern is defined by the house-
hold heat demand, which is highest between 6:00 and 12:00 and
16:00 and 23:00. The electricity demand of the household is more
evenly distributed during the day, especially when EVs are charged
in a controlled way. As a result, there are times that grid imports

12 When little heat is distributed to the grid, the absolute loss stays the same, but
the relative loss is larger.

are needed, even if the household is a net exporter to the grid.
Thermal storage could be used to improve the match between local
electricity generation and supply, and perhaps result in future syn-
ergies between the CHP and EV.

5.6. Use of EV batteries for electricity storage

The electricity storage capacity of EV batteries could poten-
tially result in synergies between EVs and CHP installations by
storing CHP-generated electricity to sell it later at a higher price.
This mechanism was not included in the model because of two
reasons. First of all, the spread between the cost of electricity
during the day and at night is at most 12%, which is smaller than
the combined charge and discharge efficiency loss of about 14%
[7]. Secondly, it is assumed in this study that EVs are charged
at night and that they will drive during the day, which limits
the opportunities for electricity storage [91]. Future studies could
further explore this synergy-mechanism for systems with a lar-
ger spread in electricity prices, based on more detailed EV usage
patterns.

6. Summary and conclusion

This study investigated how the electricity demand of house-
holds with electric vehicles can be met by a range of CHP installa-
tions under different EV charging patterns with low costs and low
emissions, and whether synergies can be achieved when EVs and
CHP installations are jointly implemented.

It was found that EVs can on average increase the electricity de-
mand of households by up to 42% (+9%) of household demand. This
demand occurs during specific hours of the day, depending on the
EV charging pattern. District CHP installations can supply a large
part (25-75%) of the electricity demand of EVs, depending on the
temporal patterns of both heat and electricity demand of the
household and EV. Also, seasonal variation in heat demand has a
large impact on the extent to which electricity demand can be
met. The quantity of grid imports is not much affected by the
CHP electricity production: the additional electricity generation
of the fuel cell CHP cases as compared to the NGCC-CHP case is
mainly exported to the grid.

The results show that a centralized low-carbon power system
may be the best way to fulfill the electricity demand of households
with EVs in the future. Although costs increase by 30%, which is
partly caused by a carbon price that is €60 tCO," higher, emissions
are reduced by 25-60% as compared to the grid reference case. This
corresponds to an abatement cost between 60-190 € tCO;'. The
costs of the NGCC-CHP and FC-CHP options are relatively high
compared to the emission reduction, leading to abatement costs
of about €940 and €580 tCO,"' respectively. The Micro-CHP pro-
duces relatively little electricity at an abatement cost of 215 €
tCO,"': it only covers the electricity demand of the household.
Compared to the petrol reference case, all options emit at least
40% less CO,, mostly at equal or lower costs. Only the FC-CCS
and FCCCS-CHP options are more expensive ways to power a vehi-
cle. The FCCCS-CHP installation will also allow for the capture of
emissions resulting from heating of houses. This results in negative
emissions that are twice the size of the emissions of the grid refer-
ence case when an equivalent of reference household boiler emis-
sions is allocated to heating. The costs of this option are relatively
high (3.6-4.7 times the costs of the grid reference case), which re-
sult in abatement costs of about €165 tCO,". All results are sensi-
tive to changes in the merit order and the CHP options are
sensitive to changes in CHP efficiency and a decrease of the heat
demand.
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Table 12
Specification of district CHP installations.

NGCC-CHP specifications (1) 2010 (6) 2010 (8) 2010 (15) 2020-2025 (12) 2010 Model values
Electrical efficiency 41% 44% 35-55% 38-43% 43 43%

Total efficiency 75% 88% 60-85% 78-83% 77 80%
Investment cost (€/kW) 1200 773 1250 560 1140 €850

Scale (MW,) 60 50 31 90 60 90

O&M (€/MW h)/(%)* €11.2 €4.2 0.8% 4% €5

FC-CHP specifications (2, 4) 2030 (3) 2030 (7) 2010 (9) 2020 (13) Long term  (14) 2050 Model values
Electrical efficiency 49-56% 45-60% 30-63% 49-51% 42% 40-58% 52%

Total efficiency 85-90% n/a 65-80% 72-75% 82% 80-85% 85%
Investment cost (€/kW) target:1000-1250  target: 522 2350-4600 target:1150-1300  €1600 2320-3300 €1750

Scale (MW,) 0.25-5 n/a 0.01-2 0.25-2 5 0.2-2.5 0.25-2

O&M (€/MW h)/(%)? 2-5% €3-7 €4-€35 €10-€15 5% €20-€25 €15

FCCCS-CHP specifications ~ SOFC (10) 2020 SOFC-GT (11) 2030

SOFC (13) Long term

Model values

Electrical efficiency 47% 59% 40%
Total efficiency 82% 0% 78%
Investment cost (€/kW) target:2000 Target: 1530 €2100
Scale (MW,) 0.47 20 5
O&M (€/MW h)/(%)? n/a 3% 5%
CO, capture rate 100% ~90% 99%

49%
77%
€2500
20
€21
99%

Sources: [48] (1), [53](2), [54] (3), [55] (4), [92] (5), [49] (6), [93] (7), [50] (8), [94] (9), [58] (10), [59] (11), [51] (12), [57] (13), [56] (14), [52] (15).
2 O&M costs can either be expressed in a cost per MW h, or yearly sum as a percentage of the investment cost.

Next, the EV electricity demand and the CHP electricity sup-
ply that is available after fulfilling household demand were spe-
cifically studied to identify potential synergies. If synergies
would occur, one would expect the abatement costs of EVs to
drop at higher penetration rates. This was not observed, how-
ever: they remain at the same level between different penetra-
tion levels. It was observed that when charging in a controlled
way, the EV electricity demand does not coincide well with
CHP electricity production, though. Only 20-30% of EV demand
will be delivered by the CHP at a 100% EV penetration. The share
of CHP electricity for uncontrolled charging is double of that:
55-65% at 100% EV penetration. At a household level, electricity
is exported to the grid for all of these cases, so heat storage
could be an option to improve the match in electricity supply
and demand.

Overall, power generation with CHPs may be an inflexible
investment that does not supply electricity to EVs at the lowest
abatement costs in the long time future. Therefore, implementa-
tion should be carefully considered. One important obstacle is
the mismatch in heat-driven electricity generation by CHP units
and electricity demand of EVs. Low-carbon, centralized generation
may be a better and more robust choice to power electric vehicles
in the future. When electric vehicles are mainly powered by grid
energy, the merit order is an important factor for the costs and
emissions of transportation.

Recommended topics for further investigation would include:

— The effect of adding heat storage to a CHP system to improve
the match between electricity demand and local supply.

— A power system study with a number of low-carbon electricity
mix scenarios to further investigate the costs and emissions of
powering EVs with grid electricity.
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Appendix A

A.1. Methodology to determine costs and emissions of centralized
electricity generation

A.1.1. Cost and emissions of electricity generated by a centralized
power plant

To provide a reference framework, the costs and emissions of
electricity generation by large centralized power plants were cal-
culated using equations al, a2, and a3. Inputs of these formulas
are the investment cost, the operation and maintenance costs,
and the efficiency of the power plant. The fuel costs were calcu-
lated directly from the efficiency of the power plant.!?

_ax1+OM+F

Coe E

(18)
where Coe is the cost of electricity (€ kW h™1), o the capital recovery
factor (yr=1), I the initial investment (€), OM the annual costs for
operation and maintenance (€yr~'), F the annual fuel costs (€
yr~1), and E is the annual electricity production (kW hyr—')

r

i 19

where « is the capital recovery factor (yr~!), r the discount rate, and
l is the lifetime of the project (yr)

3.6

€0€centralized = Cfuel * ]O’ﬁ (20)

where eoe eniraiized 1S the emissions of electricity (kg CO, kW h™1),

efer the emissions of fuel type (kg CO, GJ™!), i is the efficiency
power plant

Appendix B
See Table 12.

13 Fuel cost [€/a]=(annual electricity production [KW h/a]/feiectric) * fuel price
[€/kW h].
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B.1. Selection of future techno-economic parameters of CHP
installations

The parameters used in the analysis are based on values re-
ported in literature, of which an overview is given in the table
above. The selected parameters are mainly based on sources that
provide long-term forecasts of the techno-economic parameters.
The present day performance characteristics serve as a reference
framework to evaluate the forecasts.

Based on present day gas turbine efficiencies, the efficiencies by
Kuramochi seem relatively low. Therefore, the model values are
based on the prognosis by the IEA. The NGCC model values are
based on the high end values by Kuramochi, which are a couple
of percentage points higher than the present day efficiencies. Fore-
casts on fuel cell specifications show a large spread. Relatively
ambitious efficiencies are assumed for modeling, based on predic-
tions of the IEA. A performance penalty of 8%-points (3% electricity,
5% heat) is considered for the fuel cell installation with CCS as com-
pared to the one without. This penalty is based on the results by
Kuramochi.
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