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Abstract: Buildings are great contributors to global GHG emissions, because they are responsible
for direct and indirect emissions. In light of increased renewable energy share in the electricity
mix, it is crucial to boost residential electrification for building decarbonization. Consequently,
building regulation ought to send the proper signals to the market to encourage electrification and
avoid establishing new fossil fuel-based infrastructure, which may lock in future interventions
and seriously compromise climate change mitigation. This paper studies short-term residential
electrification with electric water tanks in Spain using a parametric analysis considering several
water heater configurations with various sizes and management strategies, using different draw-off
profiles, actual time-dependent electricity prices, and CO2 factors. The results demonstrate significant
GHG savings when substituting fossil fuel boilers for any water heater configuration. However,
current electricity prices are such that technology change is only cost effective for low hot water
demands (1–2 people) and the provided fossil fuel supply is completely removed from dwellings.
The exploitation of implicit demand response increases cost-effectiveness. The analysis of Spanish
regulation shows that some elements of current policies on energy efficiency in buildings hamper
residential electrification, consequently policy changes are proposed.

Keywords: buildings; electrification; urban energy transition; electric water tank; decarbonization;
primary energy weighting factor; energy prices; DHW; parametric; behavior; demand response

1. Introduction

Anthropogenic climate change has been knocking at our door for a long time, and
it stands as the greatest menace humanity must face in the XXI century, even above the
COVID-19 pandemic. Hence, the adhesion to the international Paris Agreement [1] and
declaration of climate and environmental emergency by the European Parliament [2].
Accordingly, the European Green Deal [3] drafted the ambition of responding to the climate
crisis by transforming the EU into a fair, modern, resource-efficient, and competitive
economy based on a just transition leaving no one behind. All of which yielded the specific
mission to turn the EU into a zero net emissions of greenhouse gases society in 2050. In order
to reach such ambitious objective, the Climate Target Plan 2030 [4] proposed the milestone
of cutting greenhouse gas (GHG) emissions in the EU by at least 55% by 2030 compared
with 1990 levels. The impact assessment [5] demonstrated that such emission reduction is
economically feasible, strategic for technology industry leadership, and can create jobs at
the same time [6]. The Clean Energy for all Europeans Package [7] previewed the revisions
of key legislative instruments affecting all sectors of the economy and mandated through
a governance regulation [8] for each member state (MS) to develop a National Energy
and Climate Plan 2021. Such a plan constitutes the strategic roadmap towards meeting
the national decarbonization targets, adapted to each regional context and they must be
updated each five years and are subject to biannual progress reports.
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Although fully decarbonizing our societies requires a multidimensional approach,
it is widely acknowledged that the energy supply sector must play a key role. Not only
because it is the greatest contributor to GHG emission in the EU [9], but more importantly
due to its unique ability to substitute fossil fuels with renewable alternatives for electricity
production. The decarbonization of the EU’s energy generation sector started more than
a decade ago [9] and is “unstoppable worldwide” according to the World Economic
Forum [10]. Furthermore, such renewable generated electricity indirectly decarbonizes
other major polluting sectors such as transport, industries, and buildings [11]. However,
the prerequisite for that to happen is that electrification on the demand side meets the
rapid growth of renewable production of the supply side. According to IEA, electrification
is the main driver for the decarbonization of the building sector [12]. Yet in 2018, 47.55%
of the household final energy consumption over the average EU-28 was fossil fuel-based.
Thus, immediate and widespread deployment of existing technology towards increasing
the electrification of buildings is needed.

Buildings represent, during their use and operation, approximately 40% of the energy
consumption and over one third of the equivalent direct and indirect GHG emissions [13].
Direct emissions mainly due to their high energy needs and poor efficiency, and indirect
because a high share of the emissions in the power and heat sector are caused by the energy
buildings’ demand. Approximately 75% of the EU building stock is not up to current
building standards [13]; most lack thermal insulation, use old technologies and wasteful
appliances. Furthermore many of them still rely on fossil fuels, representing more than
53% for space heating over 2018 EU-28’s household final energy consumption, almost 60%
for water heating, and over 50% for cooking [14]. In addition to being great contributors
to climate change, inefficient buildings often imply energy poverty, and relevant impacts
in occupant’s health [15]. Although there are high hopes for the large scale renovation
behind the EU renovation wave [16] and the revision of key policy instruments [3], there
are several voices who are claiming that direct equipment change may be a better option
towards accelerating the energy transition [17] and rapidly increase end-use electrification.
Shallow and medium interventions are the most common in the EU [18]. Further, most
residential buildings have a duplicity of energy supply, having to pay both the electricity
and the fossil fuel bills. Hence, removing direct fossil fuel use from buildings not only
would help decarbonize the urban environment, but also have a positive effect on the
domestic economy. Nevertheless, the EU policy has contributed to the “silo” thinking [19],
placing greater emphasis on the tightening of minimum energy performance requirements
for new buildings and increasing energy efficiency through the revised Energy Performance
In Buildings Directive (EPBD) [20]; increasing the renewable energy share in buildings and
in the electricity production mix through the revised Energy Efficiency Directive [21] and
Renewable Energy Directive [22], respectively; and energy market design [23,24] through
the Internal Market for Electricity Directive, rather than directly promoting electrification
in buildings as a horizontal cross-cutting approach.

There is an urgent need to rapidly remove fossil fuels from buildings [12,19,25].
Whereas new developments should aim to the positive energy building paradigm, existing
buildings are in urgent need of dedicated renovation action plans. The heating service
accounts for 77.29% of the fossil fuel consumption in EU buildings, natural gas being the
preferred fuel [14]. Increasing retrofit rates and deep renovation, with joint interventions
covering envelope improvements and equipment change, are key strategies for building
decarbonization [12,26] as well as for leveraging actions towards economic recovery [16].
However, in spite of deep renovation being the flagship initiative, it requires public support
in order to be widespread and cost-efficient [27,28]. On the contrary, the direct equipment
change for individual domestic hot water production with electric water tanks represents a
cost-effective action towards rapidly removing fossil fuel use from dwellings. Researchers
have not treated this in much detail on account of electric resistance technology having
a negative reputation [29], and being less efficient than heat pumps. However, the con-
siderable lower capital cost of electricity resistance water heaters compared with heat
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pump technologies [30] places the former as a key element for the immediate and massive
electrification in buildings. In addition to directly removing fossil fuels, widespread in-
troduction of thermal energy storage represents a key infrastructure deployment able to
provide flexibility services to the electricity market [31] and shifting demand to off-peak
hours [32].

Several researchers have considered the question of building electrification as a rel-
evant decarbonization strategy [17,29,33–35], focusing on electric heat pump technolo-
gies [33–35] and electric resistances [36–38]. However, to date, research has given consid-
erably more attention to the former than the latter, with special emphasis on the heating
service [35,39] over water heating in dwellings [30,36–38]. Moreover, existing research
places greater emphasis on the impact on grid stability and capacity [35,39], and envi-
ronmental impact [17,38,40], rather than the economic benefits for the occupants of the
building. S.V. Raghavan, et al. [36] included electric water heaters among the scenarios
for the water heating of buildings in California, finding that high electricity prices made it
the least cost-effective technology. However, the focus was not at a dwelling level, thus
not considering the impact on the occupants’ comfort. They left flexibility services and
demand shifting out of the analysis. C.M. Keinath and S. Garimella [30] performed an
analysis at dwelling level, including tankless and storage electric water heaters, finding
that resistance water heaters were the least cost-effective alternatives only behind oil fueled
technologies. Notwithstanding, in the analysis, a single water heater configuration was
used, and variable electricity prices were neglected. Alternatively, M. Casanovas-Rubio and
J. Armengou [37] included variable electricity prices in the analysis, and reached analogous
conclusions with respect to electric water heaters. In this study a single configuration
of water heater and occupant behavior was analyzed. W. Liu, et al. [38] performed a
cradle-to-cradle analysis of several water heating technologies, finding that electric water
tanks were the worst performers. Nevertheless, the authors pointed out that such poor
environmental results were affected by the high presence of fossil fuels in the electricity
mix. In fact, electric water tanks were found to have the lowest materials and products use,
and end-of-life environmental impact compared with other alternatives.

The main scope of this paper is to identify which concrete building policy instru-
ments can boost building electrification, and to provide an assessment of the benefits a
widespread short-term electrification of domestic hot water with electric water tanks may
have following a user-centered approach. The remainder of this paper is structured as
follows: Section 2 provides context information about building electrification in Spain.
Section 3 presents the methodology used for the comparative assessment of electrifica-
tion options for water heating. Section 4 presents results and discusses them. Finally, in
Section 5 conclusions are set together and policy recommendations for the case of Spain
are proposed.

2. Building Electrification. The Case of Spain
2.1. Enabling Policy and Market Conditions

Spain’s National Energy and Climate Plan (PNIEC 2021–2030) [41], includes several
concrete measures for the electrification of the energy system; i.e., boosting major renewable
generation projects, distributed generation, deployment of self-consumption and renew-
able integration measures into the electricity system and the market. Concerning major
generation projects, Spain launched at the end of 2020 the first renewable energy auction
mechanism with calendarized implementation up to 2025 [42]. Regarding distributed
generation, new regulation was passed in October 2018 [43], removing previous barriers
for self-consumption of on-site electricity generation. The norm was further improved in
2019 [44], simplifying administrative requirements, although there are regions and munic-
ipalities that have not adapted their policy accordingly. In June 2020, the first definition
of renewable energy communities was introduced in the country’s legislation [45]. These
regulations will promote citizens’ empowerment while changing electricity production
into a mix with high shares of renewable energy. Furthermore, citizens’ empowerment
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can also be achieved through demand response mechanisms. As defined in the European
Directive 2019/944 [23], “demand response means the change of electricity load by final customers
from their normal or current consumption patterns in response to market signals, including in
response to time-variable electricity prices or incentive payments, or in response to the acceptance of
the final customer’s bid to sell demand reduction or increase at a price in an organized market”. In
this sense, it is possible to divide the demand response into two possibilities:

• Implicit demand response: This implies a change in load profile due to time-variable
electricity prices (indexed prices to the pool market, two or more periods’ tariffs),
which exist in most countries. This kind of demand response is easy to implement and
affordable for citizens as it does not require technological improvements or automatic
control. For residential users, electric water heaters with storage tanks whose electric
consumption can be programmed into the most inexpensive hours of the day, represent
an affordable and effective enabler of this kind of demand response.

• Explicit demand response: This takes place when it is possible to offer an increase or re-
duction in electricity consumption in exchange for economic remuneration. However,
implementation of this kind of demand response presents some barriers:

# Technology: it requires automatic control of loads;
# Market and regulatory: specific markets to sell the flexibility provided by users

must exit. In Spain, there are markets related to balance services where this
flexibility can be offered, but they are not open to residential agents, since
a minimum flexibility capacity of 1 MW is required [46] and the aggregator
figure is not fully defined in Spanish regulation, being there a lack of technical
specifications [45].

As mentioned, the aggregator may play a key role in the development of explicit
demand response as it acts as an intermediary between final users and organized flexibility
markets. Currently, residential users can only participate in implicit demand response.

With regards to building electrification, although the PNIEC 2021–2030 included a
declaration of intent, there is no direct policy banning fossil fuels from being installed
in dwellings. Thus, contravening the recommendation from the International Energy
Agency [12], unlike some countries which have removed technology neutrality from their
building policy [47,48].

The main energy performance in building regulation at a country level is the national
building code (CTE-DB-HE), with its most recent update made in 2019 [49], and the energy
performance certification [50,51]. For a review of the Spanish transposition of the EPBD
refer to [52]. The details of the calculation methodology and requirements in relation to the
EPB standards can be found in [53], and are common for the justification of the minimum
energy performance requirements and for energy performance certification.

The residential building stock in Spain amounts to 25.7 million dwellings, with more
than half being constructed before the first regulation with requirements on the minimum
thermal insulation in buildings (NBE-CT 79). Moreover, less than 15% of the existing
building stock was built after the first version of the building code was passed [54]. The
Spanish Long Term Renovation Strategy (LTRS) set the ambition of reaching a total of
1.2 million dwellings for envelope intervention up to 2030 which posits a considerable
challenge given the current annual residential renovation figure is less than 30,000 [55], with
almost 80% being shallow, and less than 1% deep renovations [54]. The main difficulties
to widespread building renovation in Spain were identified by the ODYSSEE-MURE
project [54] and are related to huge payback periods, mainly due to reduced energy savings
on account of the milder weather compared with other countries; energy tariffs with a
significant share of fixed costs [56], and the prominence of multifamily buildings, which
require broad agreements between building owners towards renovating the building
envelope [57]. Consequently, although contravening the “energy efficiency first” principle,
directly intervening on the building technical systems and incorporating on-site renewable
generation are gaining more attention as strategies to decarbonize the building stock
more rapidly.
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Regarding the thermal installations, most dwellings are equipped with individual
technical systems, with fossil fuels accounting for 56.53% of the energy used for space and
sanitary water heating. There is a prominence of several devices for heating (1.3 devices
per household according to SECH-SPAHOUSEC project), with natural a gas conventional
boiler being the most popular generation system for space and water heating [58]. The poor
building quality along with the inefficient and fossil fuel-based equipment cause Spanish
buildings to absorb 29.5% of the final energy, slightly below the EU average, considering the
milder weather [54]. According to Spain’s LTRS and PNIEC 2021–2030, by 2030 3.5 million
of thermal installations need to be renovated, leveraging several incentive plans linked to
improvements on the calculated building energy performance certificate (EPC). Current
legislation calls for any intervention in existing buildings to propose to replace fossil fuel-
powered equipment with others that take advantage of waste energy or use renewable
energy, provided the intervention is feasible economically [59]. Regarding new buildings,
the regulation requires to justify the heating, air conditioning and sanitary hot water
production system chosen from the point of view of energy efficiency. In both cases, the
project for a thermal installation should include an estimate of the monthly and annual
energy consumption expressed in primary energy and carbon dioxide emissions [59]. This
policy aims at increasing the market share of heat pump technology, along with other
options such as district energy or cogeneration, although centralized installations are
scarce in the country, and almost neglectable in coastal locations [58,60]. However, due
to poor building envelopes, existing hydronic installations in buildings tend to operate
at high temperatures, which hinders the substitution of direct-fuel generators for a heat
pump alternative [60], increasing the overall cost of the intervention. Furthermore, there
is no explicit ban to install fossil fuel-based technical building systems in new buildings,
so conventional boilers tend to be substituted by condensing technology, rather than an
electric alternative.

A special case within Spanish building regulation is domestic hot water (DHW)
production. The publication of the first version of the building code in 2006 [61] required
for a share of the DHW demand in buildings to be covered with solar thermal technologies.
Although there were municipal ordinances that stated such ambitious obligations as early
as 2000 [62]. Such policies caused a substantial boost for the market, resulting in a strong
and progressive market uptake of the technology in the country. The revision of the
building code in 2013 admitted heat pump technologies with a seasonal performance
factor above 2.5 to be equivalent to the solar thermal share [63]. The last update of the
building code modified the requirement, allowing any renewable source to be eligible for
the DHW demand renewable contribution [49]. Nevertheless, such requirement does not
affect dwellings with daily DHW demand below 100 l, which according to Annex F [49] is
linked to dwellings with less than four bedrooms. In Spain, 90% of the main residential
buildings have three bedrooms or less, considering one bathroom, one kitchen, and one
living room in [64]. Furthermore, the regulation regarding sanitary hot water only applied
to existing buildings when there is a complete renovation of the thermal generation system,
which causes voluntary renovation to hardly ever consider energy efficiency.

Lastly, no specific mandate to install onsite renewable production is established
for new residential developments or interventions in existing dwellings. Nevertheless,
voluntary installation is possible, although some practical barriers still exist [65].

For the calculation of energy performance in buildings, the weighting factors estab-
lished in [66] apply. These factors were defined in 2016, are considered constant, and are
subject to small geographic variation to account for the differences between the peninsu-
lar and extrapeninsular territories (see Table 1). They are used for a myriad of policies:
minimum energy performance requirements, the energy performance certificate class [67],
incentives and rebates on equipment, etc.
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Table 1. Primary weighting factors from final energy consumption (kWh).

Energy Vector. PEtot (kWh) PEnon-ren (kWh) PEren (kWh) CO2 (kgCO2)

National Electricity 0.396 2.007 2.403 0.357
Peninsular Electricity 0.414 1.954 2.368 0.331

Extrapeninsular
Electricity 0.075 2.937 3.011 0.833

Electricity, Balearic
Islands 0.082 2.968 3.049 0.932

Electricity, Canary
Islands 0.070 2.924 2.994 0.776

Electricity, Ceuta and
Melilla 0.072 2.718 2.790 0.721

Heating oil 0.003 1.179 1.182 0.311
LPG 0.003 1.201 1.204 0.254

Natural Gas 0.005 1.190 1.195 0.252
Coal 0.002 1.082 1.084 0.472

Biomass 1 1.028 0.085 1.113 0.018
1 Pelletized biomass is considered.

From Table 1, it can be inferred that the electrification of a certain service would
represent 14% more CO2 emissions than its equivalent in oil, 40% more than LPG or natural
gas, and almost 20 times more than biomass alternatives. This constitutes a strong barrier
for building electrification of the services considered in the regulatory energy performance
calculations in the country. It does not correlate with current situation, considering the
amazing leap renewable energy has taken in the share of electricity generation [68], mainly
due to the increase in photovoltaics and wind generation [69]. The mean actual electricity
CO2 factor at the consumption level for 2020 was 0.117 kgCO2/kWh [70], almost three
times lower than the associated primary weighting factor for peninsular electricity. Sim-
ilar situations apply to other countries [19]. Globally, primary energy weighting factors
have been identified as responsible for sub-optimal environmental end-use energy deci-
sions [29], and its regular update proves paramount to level the playing field on energy
end-use decisions.

To summarize, current Spanish national building regulation sets a clear vision to
increasing building quality, but it keeps some elements which behave as barriers for the
needed decarbonization of existing buildings. Of special relevance are the primary energy
weighting factors, which fail to represent the actual building environmental impact by
benefiting fossil fuels and significantly penalizing grid electricity. With a view of removing
fossil fuels from thermal installations in buildings, the code placed high hopes on high
efficiency alternatives, such as heat pumps. However, although the market share of air-
to-air heat pumps has increased in the past years, they still face barriers for its adoption
in existing buildings [71]. This constitutes a major threat for dwelling decarbonization
in Spain, because the average age of boilers in buildings is 15 years [58], which indicates
many generation systems are close to their life’s end [47]. If no explicit ban is put on
fossil fuels and no cost-effective alternative is offered, there is the risk of final users
substituting current boilers with other fossil fuel-based equipment, locking in future
interventions. In addition to compromising building decarbonization, it will also hinder the
massive uptake electrification and digitalization needed for renewable integration, energy
community widespread, and prosumer participation in electricity markets. Therefore,
it is crucial to propose electric alternatives towards building electrification, following a
comprehensive analysis.

2.2. Electrification Potential in Dwellings

When considering all the energy uses in dwellings, the prominence of electricity as a
single main final energy vector arises (see Figure 1). Although electricity usage in buildings
has been increasing since at least 1990 [72], there is no direct correlation with reduction in



Sustainability 2021, 13, 12070 7 of 26

the use of fossil fuels. The last available data for 2019 show that fossil fuels amount for
37.13% residential final energy consumption.
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Consequently, dedicated action is needed in the fuel-friendly services, heating, DHW
production, and cooking. For this, it is crucial to leverage shallow and medium inter-
ventions in residential buildings towards fossil fuel equipment substitution for electric
alternatives [73], given they are the most common in the country.

The current degree of heating electrification is minimal, compared with the 29.52%
(2019) of oil and petroleum products or the 13.23% of natural gas [72]. Electrification
of heating demand in Spain through the use of heat pumps has strong potential [60],
specifically for the air-to-air technology on account of the prominent warm weather. In
addition to the positive effect that substituting boilers for heat pumps can have in terms
of demand response and increased grid stability [74], it would also allow buildings to
satisfy the heating, cooling, and DHW services with the same system. According to [35],
Spain is ready for full electrification of the heating demand; however, the reality is that
heat pumps are present in just 17.94% of the main dwellings, and the sales developments
are not increasing at the needed rate [75]. Furthermore, the heating service does not
represent a key lever for country-wide decarbonization, given that 18.77% of the main
dwellings do not have a fixed heating installation [58], since low operation hours do not
justify the investment. Moreover, the final energy consumption for space heating is highly
conditioned by the building’s energy demand [35], which is dependent on the building
quality and tradition, with strong regional differences [76]. As exposed in the previous
section, many barriers still hamper building renovation in Spain.

With regard to water heating, the situation is different. Sanitary hot water production
is a basic service present in every building, with the individual conventional fossil fuel
boiler representing 61% of the water heating technical systems in the country [77]. This
situation favors leveraging small interventions towards water heating equipment change,
since no collective agreement is needed between neighbors, unlike for the case of most
building renovations. DHW production is independent from the building’s energy per-
formance, so a direct equipment change does not represent the risk of locking in future
interventions in the building envelope. Moreover, water heating is used throughout the
year, which increases the profitability of any equipment substitution. Furthermore, if the
intervention completely removes natural gas use from the building, the additional saving
of not having to front the fixed costs of the supply should be considered, further increasing
the cost-effectiveness.
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Several researchers have studied different alternatives for water heating [30,36–38].
Among the electricity-based, electric water tanks appeared as the most inexpensive, fol-
lowed by instantaneous water heaters and heat pump units. Heat pump technologies’ high
efficiency outperforms resistance-based water heaters in terms of lower annual operating
cost [30]. However, several studies have shown that the cost of affordability of heat pump
systems is the major barrier hindering its widespread use as the preferred water heating
technology [38,71,78]. With regards to comparing electric resistance water heaters, the ones
with storage become more attractive, not only because of their lower capital cost, but also
for their capability of dislocating energy consumption and hot water use, benefitting from
variable electricity prices [29]. Moreover, thermal energy storage enables participation in
flexibility services for the electricity market in the near future through explicit demand
response [79]. Nevertheless, despite thermal energy storage being an added value, if build-
ing occupants are not educated on its proper use, they may perceive it as a disadvantage
in terms of comfort compared with their instantaneous fuel counterparts [34], creating a
rebound effect.

3. Materials and Methods

For the purpose of this investigation the research team proposed a parametric simula-
tion considering different domestic hot water demands, with variable electric resistance
water heater configurations and management strategies. The purpose was to study whether
electric heaters can substitute natural gas boilers for DHW production, and if so which
configuration of water heater provided the greatest economic profit benefiting from implicit
demand response.

For the generation of the domestic hot water draw-off profiles (Vm,t), DHWcalc [80]
was used, seeking to rely on one of the reference statistical profile generators used in
scientific publications. For the annual water heating parametric simulation, the stratified
water heater object from EnergyPlus [81] was used, this with a view of relying on one of
the most accurate software for energy simulation in buildings. The simulation used a
timestep of one minute. The output results were the timestep tank temperature (Tm,t), and
the energy rate (Em,t) for each simulation case. These variables were converted into the
analysis parameters of annual discomfort hours (Dm), energy cost (Cm), and CO2 emissions
(Gm) using Equations (1)–(3).

I f (Vm,t > 0 & Tm,t < Tuse)→ Dm,t = 1

Else → Dm,t = 0

Dm = ∑
t

Dm,t

(1)

Cm = ∑
t

Em,t·Pm,t (2)

Gm = ∑
t

Em,t·Fm,t (3)

From (1), discomfort occurs when there is hot water demand and the draw-off temper-
ature is below the desired use temperature (i.e., 42 ◦C). For instantaneous water heating
technologies, discomfort is assumed to be always zero. In this study a more restrictive
approach than in [82] was used.

The energy cost included all taxes and levies with a view of representing the situation
that the user faces. However, for the electricity price, the fixed term related to the energy
power was excluded from the analysis.

Note that the energy source in all scenarios is electricity, except for the reference case,
whose energy source is natural gas. In order to calculate annual energy bills related to each
case, historic price data (specifically, from 2020) were applied. As electricity regulation
in Spain modified the term of access tolls and charges of energy invoicing prices as of 1
June 2021, the considered historic price data were updated to include such changes (see
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Appendix A). Once the energy cost is obtained, savings due to implicit demand response
can be calculated (4). Note that these savings can be under the assumption that the natural
gas supply is maintained or considering complete fossil fuel removal.

SCm = Cm − Cr (4)

Similarly, CO2 emission savings were calculated for each scenario (5). For electricity
consumption, hourly CO2 emission factors were considered. These factors include CO2
emissions due to generation [70] and transport losses [83]. As previously introduced, the
mean electricity CO2 factor at the consumption level for 2020 was 0.117 kgCO2/kWh, while
the natural gas CO2 factor was 0.252 kgCO2/kWh, considered constant for the whole year.

SGm = Gm − Gr (5)

3.1. Domestic Hot Water Draw-Off Profiles

For the generation of the various DHW draw-off profiles, the approach adopted by [84]
was followed as closely as possible, adapting them to the Spanish context.

For the DHW daily demand, the reference value of 28 L/(day·person) at 60 ◦C pro-
posed by the building regulation in Spain [49] was used. The demand was converted to a
use temperature of 42 ◦C [85] using Equation (6), as in [84].

V(Tuse) = V(60 ◦C)
(60− Tmains)K
(Tuse − Tmains)K

(6)

The DHW daily demand per person defined the four cases according to the variable
occupation considered in a single household, 1–4 people. Those values were used as the
total mean daily draw-off volume in DHWcalc to generate the draw-off profiles. Table 2
shows the reference conditions for the draw-off profiles, Table 3 the reference conditions for
draw-off categories, Table 4 the probability distribution for the base case scenario, the “base
case”, and Table 5 for a scenario with the people adapting DHW use to implicit demand
response electricity prices, the “flexible case”. The latter aims at capturing user behavior
and was used to assess its impact in each of the water heating configurations.

Table 2. Reference conditions for DHWcalc draw-off profiles.

Parameter Value

Number of draw-off categories 4
Timestep 1 min

Probability ratio weekends/weekdays- 120%
Amplitude of sine function for seasonal variations 10%

Day of sine maximum 45
Holiday periods Spain’s national holidays 2021

Ratio of mean daily draw-off for holidays 5%

Table 3. Reference conditions for draw-off categories in DHWcalc.

Draw-Off Category 1: Small 2: Medium 3: Bath 4: Shower

Mean draw-off flowrate (L/h) 60 360 840 480
Draw-off duration (min) 1 1 10 5

Portion of total volume (%) 14 36 10 40
Standard deviation of flowrate (L/h) 120 120 12 24
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Table 4. Probability function settings for DHWcalc weekdays and weekends, base case.

Time Period (h) Ratio of Daily DHW-Volume (%)

Weekdays

22:00–06:30 6.5
06:30–07:30 14.2
07:30–12:00 3
12:00–13:00 0.8
13:00–18:00 8
18:00–22:00 67.6

Weekend days

23:00–07:00 3.8
07:00–09:00 47.5
09:00–15:00 7.1
15:00–17:00 23.8
17:00–20:00 3.6
20:00–23:00 14.3

Table 5. Probability function settings for DHWcalc weekdays and weekends, flexible case.

Time Period (h) Ratio of Daily DHW-Volume (%)

Weekdays

22:00–06:30 2
06:30–07:30 50
07:30–12:00 6
12:00–13:00 16
13:00–18:00 6
18:00–22:00 20

Weekend days

23:00–07:00 3.8
07:00–09:00 47.5
09:00–15:00 7.1
15:00–17:00 23.8
17:00–20:00 3.6
20:00–23:00 14.3

The scenarios for the DHW use yield two types of annual draw-off profiles for each
occupation of the building, 1–4 people.

3.2. Water Heating Modelling

The different water heater configurations were defined in EnergyPlus using the Water-
Heater:Stratified object according to Table 6.

Given the case study is a single building, no distribution losses nor circulation pump
energy use were considered.

The timestep water mains temperature was defined using the weather data file for the
city of València [86], using the correlation developed by Craig Christensen and Jay Burch
described in [87].
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Table 6. Definitory parameters of WaterHeater:Stratified object in EnergyPlus.

Parameter Value 1

Tank volume (m3) TankVolume
Tank shape Vertical
H:D ratio 2.3

Maximum temperature 80 ◦C
Heater capacity HeaterCapacity

Heater setpoint temperature 50 ◦C
Heater dead band temperature difference 3 ◦C

Nodes equally distributed 6
Ambient temperature 22 ◦C

On Cycle parasitic consumption rate 10 W
Off Cycle parasitic consumption rate 10 W

1 Values in Italics were subject to variation according to the parametric simulation.

The parametric simulation changed the definition of the water heater by modifying
the variables in the ranges indicated in Table 7.

Table 7. Parametric simulation of WaterHeater:Stratified object in EnergyPlus.

Parameter Value

Tank Volume 50 L, 80 L, 100 L, 150 L and 200 L
Heater Capacity 1 kW, 1.5 kW and 2 kW

For the definition of the storage volume [88] was followed, using an actual volume
10% lower than the declared value.

For the modelling of the reference case of a natural gas instantaneous boiler, the
WaterHeater:Stratified object was used, adapting it to represent a tankless natural gas
boiler with a nominal heating efficiency of 85% and rated heating power of 21 kW.

3.3. Energy Prices and Tariff Periods

For the consideration of the demand response, the different periods from the 2.0 TD
Tariff (Table 8), enforced in Spain since 1 June 2021 [89] were used.

Table 8. Periods from 2.0 TD electricity tariff.

Time Period (h) Tariff Period

Weekdays

0:00–07:59 P3
08:00–09:59 P2
10:00–13:59 P1
14:00–17:59 P2
18:00–21:59 P1
22:00–23:59 P3

Weekend days and holidays

0:00–23:59 P3

The tariff periods from Table 8 also define the energy cost related to access toll and
charges for each time period according to [90,91]. Thus, the electricity prices considered in
the study are dynamic prices based on Spanish regulation (see Appendix A). Prices for one
week are presented in Figure 2.
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Figure 2. Electricity prices during a week. Taxes and levies not included.

The fixed term related to the contracted power was intentionally not considered, given
that it is present in every scenario and not dependent on the water heater equipment.
With the aim of representing the impact on the people’s economy, the rental of the meter
(1.11 EUR/month), the electricity tax (5.1127%), and the value added tax (VAT) (21%) were
included in the parametric analysis.

The natural gas prices for domestic consumers are also based on regulated prices,
whose value in 2020 is presented in Table 9.

Table 9. Natural gas prices in 2020 for domestic consumers (demand ≤ 5000 kWh/year). Source:
Authors with data from [56].

Months Energy Price (EUR/kWh) Fixed Price (EUR/Month)

January–March 0.0496 4.26
April–June 0.0496 4.26

July–September 0.0466 4.26
October–December 0.0450 4.26

In this case, the fixed terms of the T.U.R. 1 tariff were included 4.26 EUR/month and
0.04798944 EUR/kWh. The rental of the meter (0.58 EUR/month), the special fuel tax
(0.00234 EUR/month) and the VAT were also included. For the comparison considering
that the natural gas supply is kept in the building, just the variable term (VAT included)
was considered, whereas for the complete removal of natural gas, the complete bill (VAT
included), was taken into account.

3.4. Parametric Simulation

The parametric simulation covered the combination of each DHW demand, with all
possibilities of water heater configuration, with three heating strategies linked to the tariff
periods: always available, only in P2 and P3, and only in P3. Each DHW demand defined
a reference case, equipped with the natural gas boiler. The parametric simulation was
prepared following Table 10.

Table 10. Variables from the parametric simulation.

Parameter Value

People 1, 2, 3 and 4
DHW profile Flexible and base

Electric water heater

Tank volume 50 L, 80 L, 100 L, 150 L and 200 L
Heater Capacity 1 kW, 1.5 kW and 2 kW

Demand Response (DR) P1-P2-P3, P2-P3 and only P3

The parametric simulation resulted in a total amount of 360 cases for the electric water
heater, with 8 different reference cases.
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4. Results and Discussion

The main results from the parametric simulation are the annual energy cost, the CO2
emissions, and the discomfort hours.

Each output parameter is presented in a heat map with the X-axis representing the
different water heater configurations, and on the Y-axis the management strategies depend-
ing on the demand response used and the DHW profile. The region of the map inside the
orange line represents all situations which lead to savings with regards to the reference
case maintaining the natural gas supply, whereas the region inside the red line considers
that the natural gas installation is removed to achieve savings.

The trend shows that the electricity final cost increases when considering greater tank
volume, on account of the energy needed to bring and maintain the water to the desired
temperature. For the case of one person the different heater capacities have neglectable
impact on the final electricity cost compared with the storage volume. This tendency is
maintained for the cases with more users. With regards to the management strategy, there
are significant relative savings when comparing only using the heater in P3 regardless
of the tariff periods. Furthermore, if flexible user behavior is considered, the economic
savings slightly rise. Nevertheless, when compared with the reference of using a boiler
maintaining the natural gas supply, there are no cases capable of resulting in economic
savings. This is in line with [30,36–38]. However, if fossil fuel supply is assumed to
be completely removed with the substitution, then all water heater configurations yield
economic savings. Depending on the water heater configuration, the management strategy,
and on whether flexible user behavior is considered, the annual savings range from EUR
10.63 to EUR 66.89.

Because of the share of renewable energy in the electricity mix, there is a direct
correlation between electricity prices and CO2 emissions. When comparing Figures 3 and 4
it can be seen that aiming to minimize the cost or the emissions results in the same water
heater configuration and management strategy. Furthermore, any case generates savings
in terms of CO2 emissions, ranging from 34.24% up to 18.85% with respect to the reference
natural gas case.

Figure 3. Electricity final annual cost (EUR) for 1 person, and all water heater configurations. The reference price with
natural gas boiler is EUR 71.85 (just variable term, VAT included), and EUR 142.12 (final bill, VAT included).
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Figure 4. CO2 annual emissions (kg) for 1 person, and all water heater configurations. The reference emissions with natural
gas boiler are 311.81 kg.

The previous tendency in electricity final cost and CO2 emissions has its counterpart
when analyzing the discomfort hours (see Figure 5). The change in technology from an
instantaneous water heater to an electric accumulator will always be subject to causing
some degree of discomfort. To minimize it, the electric water heater ought to have great
storage and heater capacity, which is the opposite for maximizing the economic savings.

Figure 5. Discomfort hours annually (h) for 1 person, and all water heater configurations. The reference discomfort hours
with instantaneous natural gas boiler are 0 h.
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The water heater configuration allowing to minimize the discomfort hours will be
the largest available. In the scope of this paper, a tank of 200 L with a heating capacity of
2 kW was used. It can be seen in Figure 3 that such configuration would result in annual
economic savings ranging from EUR 34.48 to EUR 42.67, depending on the user behavior
and management strategy. In the same line, considerable CO2 emission savings would
follow, from 204.17 kg to 212.36 kg, 65.47% and 68.11% with respect to the reference case.

The complete set of results figures can be found in Appendix B. In Table 11 the
summary of the main results for all cases is shown.

Table 11. Summary of main results for all cases.

Users Water Heater 1

Management Strategy

DHW Profile DR DHW Profile DR
Base P1-P2-P3 Flexible P3

Dm (%) 2
SCm [EUR] 3

SGm (kg) Dm (%)
SCm [EUR]

SGm (kg)
without with without with

1 person 200 L and 2 kW 4.29 N/A 10.63 204.17 20.71 N/A 26.71 212.36
2 people 100 L and 2 kW 18.27 N/A 5.07 297.62 49.27 N/A 36.58 319.23
3 people 80 L and 2 kW 31.23 N/A 0.22 387.44 57.27 N/A 44.13 546.82
4 people 50 L and 2 kW 36.99 N/A 1.12 468.82 65.86 8.72 78.99 552.73

1 Water heater configuration providing economic savings with the minimum discomfort. 2 Referred to total DHW use time. 3 As a function
of natural gas supply removal.

The results in Table 11 show the water heater configurations that minimize discomfort,
while being capable of providing economic savings annually. As the number of users
increases, the resulting water heater size decreases. This is because the instantaneous
natural gas boiler outperforms water heaters with great storage capacity in terms of total
cost for more than one people. The fixed costs represent 49.45% of the total natural gas bill
for one person, but only 30.88% for the case of four people, and the mean electricity price
considered is of 0.0845 EUR/kWh for electricity and 0.0496 EUR/kWh for natural gas. For
the selected water heaters, two extreme management strategies can be defined. The strategy
considering the basic DHW profile with no DR results in discomfort hours of less than 20%
of the total DHW use time for one person and two people but becomes too much for three
and four people. Moreover, savings are only obtained if the natural gas supply is completely
removed from the dwelling, which is a consideration that literature has overlooked [30,36–
38]. Although low economic savings are obtained for all cases, considerable CO2 emission
reductions take place with respect to the reference case, contravening results from [38].
When considering the strategy of benefiting the most from DR with a flexible DHW profile,
the economic savings become more attractive and the CO2 emissions are significantly
reduced, although the discomfort hours increase considerably.

This study was restricted to electric water heaters during the use phase and used
adapted actual time-dependent electricity prices for the analysis. Future work may consider
replicating this methodology including heat pumps in the comparison and electricity prices
after the new electricity tariffs have been enforced for at least a year. Furthermore, with
the aim of avoiding country-biased conclusions, the parametric analysis can be compared
with tariffication and electricity generation schemes from other countries with a view of
contextualizing these results. This paper’s methodology for the use phase can be integrated
in the cradle-to-cradle at building level analysis from [38], and also cover a more extended
geographical approach, assessing the impact this massive water heating electrification can
have on the electricity grid as in [32].

5. Conclusions

This study unequivocally shows that, with current electricity mixes, direct substitution
of natural gas boilers for electric water heaters with storage always represents savings
in CO2 emissions, even considering an electricity production mix such as the Spanish
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one, with 44% of electricity generation produced with renewables [68,69]. Nevertheless,
such great environmental performance is not properly represented by present primary
energy weighting factors. The diverse water heating configurations resulted in minimum
and maximum GHG emission savings between 65.48% and 80.96%. Thus, it is crucial
that the primary energy weighting factors for grid electricity are revised and updated to
reflect its actual environmental impact, levelling the playing field with fossil fuel energy
end-use. This aligns with K.Dennis [29], and should be included as a line of work in the
undergoing reinforcement of energy performance certificates quality, both at the EU [20]
and national level.

The analysis also emphasized that, even with implicit demand response time-dependent
electricity prices, standalone substitution of instantaneous natural gas boilers by electric wa-
ter heaters with storage is not always cost-effective. Thus, main literature findings pointing
to low profitability of electric water heaters compared with gas boilers hold true [30,36–38].
Due to current energy tariffs, for such change to be worthwhile, hot water demand must be
low (1 occupant) and natural gas supply must be completely removed from the building.
This is a significant contribution of this paper to the existing body of research; electric
water heaters with storage become cost-effective alternatives if natural gas supply removal
is considered. Even further if adaptative user behavior according to demand response is
included in the analysis. Therefore, considering time-dependent electricity prices such as
in [37] does not make a difference if occupant behavior is not adapted accordingly. In this
line, the current implicit demand response mechanism adopted by the Spanish government
goes in the right direction. Thus, a maximum of 2,711,918 [64] main dwellings in Spain
can be electrified in the very short term. However, those using natural gas for services
other than water heating (e.g., cooking) would need to electrify them as well in order to
be able to obtain economic savings. So, there is the need to promote incentives aiming
to holistic dwelling electrification in the short term. Examples can be to adapt some of
the financial measures, such as real estate and transmission tax reduction, to prioritize
all-electric dwellings, and carrying out dissemination campaigns in big home improvement
retailers divulging the medium-term benefits of electrification. Creating a specific line of
subsidies for complete fossil fuel removal in buildings too. This can be coordinated with
most national energy efficiency support schemes [26] and those related to next generation
EU funds, which are bound to energy performance certificates. Furthermore, the near
adaptation of national building regulation, in light of the imminent publication of the
revised version of the EPBD (commission adoption is expected by the fourth quarter of
2021) [92], entails a great opportunity to progressively and explicitly ban fossil fuel use in
dwellings. Ultimately the “silo” approach from current policies ought to be substituted
by a more comprehensive focus on complete electrification as a cross-cutting initiative for
building decarbonization. Evidences from France [32] show the effect massive installation
of electric water heaters can have in reshaping national electricity demand curves.

The investigation also showed that for medium-to-large hot water demands (more
than one person), users need to face a considerable degree of discomfort. Thus, energy tar-
iffication should be modified if voluntary water heating electrification is to be encouraged.
Electricity has a mean cost 70.47% greater than that of natural gas, when its average CO2
emission factor is 60.06% lower. In this line there is a growing debate on the suitability
of the current marginal pricing of electricity markets in the EU [93,94]. Furthermore, the
electricity primary energy weighting factors used in energy performance in building cal-
culations should evolve to reflect its actual environmental impact and time dependency.
Policy and market initiatives in this line are to be promoted before existing natural gas
boilers reach their end-of-life, otherwise building decarbonization will be highly compro-
mised. End-users cannot be given mixed messages about optimal environmental end-use
energy decision, nor be expected to bear discomfort in order for the energy transition to be
cost-effective.

Water heaters may represent a valuable bridge solution until heat pump technology
becomes more affordable. Nevertheless, people are in need of understanding that substi-
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tuting domestic natural gas boilers by electric storage options will always cause a certain
degree of discomfort. Thus, a pedagogic effort is needed on the proper use and benefits
of thermal energy storage so as to avoid a possible rebound effect of rejection of building
electrification, especially during the time that installing fossil fuels in buildings is still
permitted and before explicit demand response is implemented into legislation.

It is crucial to promote immediate and massive building electrification. People should
progressively gain understanding of the impact their behavior and their domestic infras-
tructure may have on the environment and on their economy. For that, it is paramount
that the public administration and the market send positive signals before directly putting
a ban on fossil fuels use in buildings. The next years are key to avoid renewing fossil
fuel equipment in buildings so when the renewable energy community is widespread and
flexibility services become mainstream in the energy markets people are ready to reap
the benefits.
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Abbreviations

INDEXES AND SETS

m ∈ M Set of scenarios
r Reference scenario
t ∈ T Time periods
INPUTS AND PARAMETERS

Pm,t Price of energy vector of scenario m at period t

Fm,t CO2 emission factor of energy vector of scenario m at period t

Tuse DHW use temperature 42 ◦C
Tmains Water mains mean temperature 12 ◦C
VARIABLES

Vm,t DHW demand in scenario m at period t

Tm,t Tank temperature in scenario m at period t

Em,t Demanded energy in scenario m at period t

Dm,t Boolean discomfort in scenario m at period t

Cm,t Cost of scenario m at period t

Gm,t CO2 emissions of scenario m at period t

Dm Annual discomfort hours in scenario m

Cm Annual bill to pay in scenario m

Gm Annual CO2 emissions in scenario m

SCm Annual economic savings in scenario m compared with r

SGm Annual CO2 emission savings in scenario m compared with r

Appendix A

This appendix presents the different terms included in the electricity energy price
and how historical data are updated to consider the recently introduced 2.0 TD electricity
tariff. It is considered that residential users in this paper have an electricity contract
based on “voluntary prices for small consumer” (hereinafter, PVPC), as it is the current
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situation of 40% of Spanish households [95]. These prices, PVPC, are regulated and linked
to spot market prices, whose calculation methodology is established in [90], considering
the following terms:

• Dynamic price of day-ahead and intraday markets;
• Payment for ancillary services;
• Access tolls and charges;
• Other regulated costs: market and system operators’ fees, retailing cost, capacity

payment and interruptibility service.

Access tolls and charges depend on the selected tariff, which until 31 May 2021, in the
case of domestic consumers (maximum power contract of 10 kW), can be: 2.0 A (default
tariff), 2.0 DHA (2 periods tariff), or 2.0 DHS (electric vehicle). As of 1 June 2021, the
tariffs for domestic consumers turn into a single one, 2.0 TD, which is a three periods tariff
(Table 9).

Due to this recent regulatory change, there is not enough price data to run a one-year
simulation. Consequently, price data with 2.0 A tariff from 2020 were updated as follows
to consider the access tolls and charges from 2.0 TD tariff:

P2.0TD
t = P2.0A

t − TC2.0A + TC2.0TD
t , (A1)

where
P2.0TD

t is the electricity price with 2.0 TD tariff at period t.
P2.0A

t is the electricity price with 2.0 A tariff at period t.
TC2.0A is the access tolls and charges from 2.0 A tariff (note that this value is constant over
all periods).
TC2.0TD

t is the access tolls and charges from 2.0 TD tariff at period t.

Appendix B

This appendix presents the results obtained for the cases with 2, 3 and 4 people.

Figure A1. Electricity final annual cost (EUR) for 2 people, and all water heater configurations. The reference price with
natural gas boiler is EUR 100.76 (just variable term, VAT included), and EUR 171.04 (final bill, VAT included).
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Figure A2. CO2 annual emissions (kg) for 2 people, and all water heater configurations. The reference emissions with
natural gas boiler are 437.30 kg.

Figure A3. Discomfort hours annually (h) for 2 people, and all water heater configurations. The reference discomfort hours
with instantaneous natural gas boiler are 0 h.
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Figure A4. Electricity final annual cost (EUR) for 3 people, and all water heater configurations. The reference price with
natural gas boiler is EUR 128.86 (just variable term, VAT included), and EUR 199.13 (final bill, VAT included).

Figure A5. CO2 annual emissions (kg) for 3 people, and all water heater configurations. The reference emissions with
natural gas boiler are 559.21 kg.
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Figure A6. Discomfort hours annually (h) for 3 people, and all water heater configurations. The reference discomfort hours
with instantaneous natural gas boiler are 0 h.

Figure A7. Electricity final annual cost (EUR) for 4 people, and all water heater configurations. The reference price with
natural gas boiler is EUR 157.32 (just variable term, VAT included), and EUR 227.59 (final bill, VAT included).
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Figure A8. CO2 annual emissions (kg) for 4 people, and all water heater configurations. The reference emissions with
natural gas boiler are 682.72 kg.

Figure A9. Discomfort hours annually (h) for 4 people, and all water heater configurations. The reference discomfort hours
with instantaneous natural gas boiler are 0 h.
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