
Campos et al. Energ Sustain Soc           (2020) 10:40  
https://doi.org/10.1186/s13705-020-00271-4

ORIGINAL ARTICLE

Heat consumption scenarios in the rural 
residential sector: the potential of heat 
pump-based demand-side management 
for sustainable heating
José Campos1* , Csaba Csontos1, Ádám Harmat2, Gábor Csüllög1 and Béla Munkácsy1

Abstract 

Background: Poor air quality and inadequate domestic heating sources are tightly connected problems in the East-
ern-European countryside. There are a few alternatives to comprehensively solve these problems with an emphasis on 
economic and environmental sustainability. In this paper, individual heat pumps and energy efficiency measures are 
analyzed in four scenarios to investigate their role for cleaner and sufficient heating in rural settings. From a high-level 
perspective, this paper assesses the potential for electricity demand flexibility based on the use of individual heat 
pumps equipped with hot water storage.

Methods: In a first step, the current annual residential heating energy consumption of a rural area in Hungary is 
estimated with a bottom-up model using data from field surveys and official datasets. In a second step, four scenarios 
estimate the future heating energy consumption considering demographic trends and the average number of build-
ing retrofits (thermal insulation) performed yearly in the region.

Results: The reference scenario is a 20-year projection of heating energy consumption with modest retrofit actions 
which resulted in small energy savings. Alternative scenarios based on more effective retrofit actions reaching higher 
rates of the building stock would result in a 23–69% reduction in final energy consumption. Phasing out lignite from 
the heating energy mix would reduce particulate matter emissions. Each well-insulated dwelling with a heat pump-
based system and hot water storage tank could provide theoretical flexibility of approximately 3.4 kWh per 24 h.

Conclusions: The current energy retrofit practices are not sufficient to solve the challenges faced in this area. 
Demand-side management policies based on the widespread use of individual heat pumps are an alternative to pro-
mote access to cleaner residential heating. An additional benefit is the potential for flexibility in electricity demand. 
Thus, this paper calls for an integration of energy retrofit with efficient heating (including hot water storage tank) to 
achieve results that further contribute to a future of sustainable energy.

Keywords: Demand-side management, Heat pump, Hot water storage tank, Energy retrofit, Scenario development, 
Demand flexibility, Energy planning
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Background
Critical air quality and inadequate domestic heating 
habits are two tightly connected problems in the East-
ern-European countryside [1]. In Hungary, Borsod-
Abaúj-Zemplén County is one of the most affected areas, 
where the concentration of particulate matter (PM) often 
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exceeds the health threshold [2]. In the center of this 
problem is energy poverty, a complex issue of energy 
affordability and access to modern and cleaner energy 
services [3].

Natural gas is the most common source for residen-
tial heating in Hungary. Approximately 90% of the natu-
ral gas consumed is imported, placing the country in 
a dependent position [4]. Natural gas is also the main 
source of most district heating systems in the country 
[5]. In rural areas, where currently no district heating sys-
tems are operating in the country, firewood is also a com-
mon source. Lignite is relatively cheap, particularly in the 
northern part of the country, and is often used despite its 
harmful health effects [6].

There are a few possible solutions for improving air 
quality, with an emphasis on economic and environ-
mental sustainability: energy efficiency and sufficiency 
measures, district heating, state-of-the-art biomass tech-
nologies, and individual heat pumps (HPs) [7, 8].

A renewable-based district heating network could pro-
vide residential heating and remediate air quality dete-
rioration; however, its development relies on a relatively 
high initial cost [9]. Moreover, district heating develop-
ments are not feasible in some rural areas. Investigating 
91% of the total heat demand in the EU28, Möller et al. 
estimated that 41% of all heat demand is contained in 
areas where district heating is not feasible [7].

The “Heat Roadmap Europe” project suggests that indi-
vidual HPs can be a solution for low-carbon residential 
heating in rural circumstances [10]. In residential set-
tings, air-source HPs are the most deployable type, as 
they are comparable in size to other domestic appliances. 
Moreover, there is no emission of local air pollutants 
since the system utilizes ambient heat and electricity to 
provide useful heat.

In light of the above, this paper focuses on individual 
HPs, due to the efficiency and controllability of the tech-
nology, in combination with the energy retrofit of typical 
dwellings of a rural area. The purpose is to quantify the 
effects of demand-side management (DSM) strategies on 
heating energy consumption, local PM emissions, and, 
from a high-level perspective, the potential for overall 
electricity demand flexibility (defined in the next section) 
based on the use of individual HPs equipped with hot 
water storage tanks.

Firstly, a brief review of DSM is presented (“Theoreti-
cal background”), followed by a description of the data 
sources and assumptions of the model (“Materials and 
methods” section). The “Results and discussion” section 
details a variety of topics; from the findings of the field 
surveys to projections of future energy consumption. The 
“Conclusion” section highlights the main findings and 
recommendations of the study.

Theoretical background
DSM refers to strategies or set of techniques to achieve 
greater efficiency and/or to affect the consumer’s tim-
ing of energy use, most frequently, electricity use [11, 
12]. Papaefthymiou et  al. (2018) [13] describe the 
potential for DSM in terms of (a) energy efficiency, (b) 
large-scale demand-side flexibility, and (c) small-scale 
demand-side flexibility. (a) comprehends all end-users 
and has an added value as it reduces total demand and 
the system’s overall need for flexibility; (b) compre-
hends the industrial potential and can be more easily 
accessed since the consumer’s behavior is typically well 
known [14]; and (c) comprehends smaller commercial 
and household consumers and has received increasing 
interest as it can be a source of flexibility at a low cost 
with the roll-out of cheaper information and communi-
cations technologies (ICT) [15]. Several DSM practices 
make use of load flexibility; “the ability to adjust elec-
tricity demand rapidly as requested to match electricity 
supply” [16]. This mechanism provides several services 
to the electricity grid, and are particularly relevant in 
systems with high penetration of renewable energy 
sources [17]. Other common applications of DSM poli-
cies are:

• modification of peak load consumption [18];
• reduction of dependency on electricity and fuel 

import [19];
• reduction of the required peak capacity at the 

national level [20];
• changes in the load profile resulting in load distribu-

tion throughout the day [21];
• improvements in the management, planning, and 

operation of the power grid [20, 22];
• integration of intermittent renewable energy technol-

ogies [17, 23, 24].

Even though preferential electricity tariffs enable DSM 
by rewarding consumers with financial incentives for 
peak load shifting [25], social acceptance is either a bar-
rier or a field of opportunities for DSM practices. The 
consequences of changes in internal comfort are typically 
the main customer concern. According to surveys con-
ducted after pilot demand response (DR) programs [26], 
customers have shown satisfaction mainly towards the 
personal economic benefit and secondly for the chance to 
reduce electricity consumption. Time-based tariffs could 
result in benefits from the homeowner’s perspective [27]. 
However, savings may not be significant due to the par-
ticular demand profile and local prices [12]. Energy stor-
age can be a solution to match the demand profile and 
favorable time-based tariffs through cost-effective charg-
ing, mainly if an efficient system supplies the storage [28].
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A heat pump equipped with thermal energy storage 
(TES), i.e., short-term hot water storage, can be the 
key component of such heating systems. The overall 
increase of air-source HP’s coefficient of performance 
(COP), or its more practical seasonal version (SCOP), 
has made this a viable option also in economic aspects 
[29]. The COP characterizes the performance of the 
heat pump as the “ratio of heat exchanged with the 
indoor environment and the mechanical work sup-
plied to the machine” [30]. The SCOP represents how 
effective the heat pump is on an annual basis facilitat-
ing the comparison between heat pumps and giving a 
more realistic picture of the efficiency. Formally, the 
SCOP is “the ratio between the useful energy supplied 
during the whole season and the energy that has to be 
provided to the heat pump to obtain this useful energy” 
[30]. Systems with SCOP as high as 6.0 are currently 
available in the European market [31].

In the literature, several authors evaluated hot water 
storage volumes between 1 and 2  m3 for load flexibility 
and electricity demand response in residential settings 
[32–34]. Hong et  al. [34] looked at the perspectives of 
manipulating the HP operating times in a detached 
house. The authors concluded that limited time shifts 
between 1 and 2 h are possible even respecting two inter-
nal comfort constraints (operative temperatures, which 
is a measure of human thermal comfort, and hot water 
supply temperature) in the case of a building insulated 
to typical levels in the UK [34]. Higher operational flex-
ibility is attainable by combining improved insulation and 
additional 0.5  m3 storage to the average housing stock, 
meaning operating time-shifting of 5–6  h [34]. Schuetz 
et al. [35] argue that increasing the storage size guaran-
tees the off-time of the HP and consequently the flexibil-
ity. A storage tank of 1  m3 could even raise the average 
off-time of the HP by a factor of 20 in comparison to a 
system without storage [35].

At a global level, the demand-side flexibility potential 
could reach 185 GW by 2040 [36], and the contribution 
of residential consumers is a part of it. Based on this 
figure and aiming at future low-carbon energy systems, 
several studies have focused on estimating either the 
theoretical [14] or practical potential for changes in elec-
tricity consumption patterns in the regional and national 
scales [26, 37].

The development of long-term scenarios [38, 39] and 
integrated planning (considering technologies and avail-
able resources) are universal tools for strategic decision-
making involving the energy sector, particularly in rural 
areas [40]. Beyond spatial planning, Ramirez Cama-
rgo and Stoeglehner [41] suggest that spatiotemporal 
analyses can be applied to estimate energy demand and 
improve the integration of renewable energy sources [41].

The integrated approach is also the choice in the pre-
sent study as this paper focuses on energy savings and the 
role of consumers in the framework of the energy system.

Materials and methods
The shortage of data on residential heating energy con-
sumption is an obstacle for modeling the sector, particu-
larly in areas that use various energy sources. This study 
overcomes this obstacle by carrying field surveys and 
consulting official datasets (when available).

In the field surveys, a standard questionnaire was 
completed for 1354 households in the region. This work 
lasted 5 years, with 10 to 15 interviewers on the field on 
each occasion. Altogether 50–60 people were involved in 
the interviewing process. The section “Heat demand esti-
mation” describes the content of the surveys.

The official datasets were obtained from the Hungar-
ian Central Statistical Office (KSH) and the Hungarian 
Energy and Public Utility Regulatory Authority (MEKH).

The Low Emissions Analysis Platform (LEAP) platform 
[42] is used to model the current heating energy demand 
and project future demand in four energy retrofit scenar-
ios of the residential stock.

The following subsections describe the characteris-
tics of the area, the variables in the calculations, and the 
assumptions of the scenarios.

Socio‑geographical characteristics of the area
The Bükkalja region is located in the north-eastern part 
of Hungary consisting of 20 settlements (564  km2), 13,014 
houses, and approximately 36,000 inhabitants. The GDP/
capita of the region is 60–70% of the national average, 
making this one of the most deprived in the country. The 
unemployment rate is 42% higher than the national aver-
age, and the average net income is in the lower quartile 
[43]. The focus on this particular region is due to its need 
for access to sustainable heating and because of previous 
community efforts in this aspect.

In 2015, more than 40 settlements in the county were 
part of a LEADER (a bottom-up rural development initi-
ative) focused on sustainable energy solutions. The main 
goal was to act towards energy independence, with the 
motto “One village—one MW”. Several renewable energy 
projects existed within this initiative, most of them being 
relatively small PV installations, but other bigger inde-
pendent projects (solar PV and biogas plants) were also 
created.

Dependence on external energy sources is an issue 
both in this region and on the national level. Almost 
all settlements have access to natural gas (which is 
imported from Russia), with only one exception, 
Répáshuta, located in the forests of the Bükk moun-
tain. Firewood and lignite are also sources for domestic 
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heating in the region. Firewood is partly extracted from 
the local forest and lignite is mined in the southern part 
of the area (Fig. 1).

Detached family houses aged between 50 and 
100  years are the predominant building type in the 
area. Most of the housing stock ranks low in energy 
efficiency standards. It is also common to find residents 
appealing to the last resort to heat their houses, mean-
ing waste and even plastic. Therefore, due to significant 
changes suggested by this and similar research projects, 
the region can be a model of the benefits of smart, effi-
cient heating in community projects.

Heat demand estimation
Between 2014 and 2019, the area was investigated with 
door-to-door surveys that added up to a minimum of 
10% of houses in each of the 15 visited settlements. The 
results were extrapolated to those houses not visited 
and validated by interviews with representatives of local 
authorities. Until this stage of the research project, 1354 
households were visited, more than ten mayors, several 
local decision-makers, and experts were interviewed. 
The other five settlements in the area were not part of 
the surveying yet, and data from the closest similar set-
tlements were used for estimating the heat demand. The 

Fig. 1 Location and settlements composing the Bükkalja study area
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same procedure was applied for calculating the average 
heated area and to define the annual energy demand 
intensity (kWh/m2).

The field surveys acquired information on (a) “actual 
energy billing data”, including type, quality, and quantity 
of utilized fuels [44]; and (b) main attributes of residen-
tial heat consumption, which include building thermal 
insulation conditions and stock of heating appliances (the 
type of boiler, stove or water heater). The average annual 
heat demand and domestic hot water (DHW) consump-
tion of a single house were calculated by multiplying fuel 
consumption by the average efficiency of the conversion 
processes of typical heating devices (Table 1). Efficiency 
values were adopted based on observations during the 
field surveys and typical appliances in the Hungarian res-
idential stock reported by Csoknyai et al. [45].

Net energy intensity for space heating and DHW was 
validated by comparison to data of the Tabula-Episcope 
project [49]. The project developed a database on the 
European housing stock and provided scenario calcula-
tions for refurbishment and energy-saving perspectives 
in several countries. The reference data for this paper is 
the Hungarian single-family houses built between 1945 
and 1979.

Technologies considered in the model
The envisaged retrofit consists of a low-temperature 
heating system supplied by air-to-water HP, different 
levels of thermal insulation of the building, airtight-
ness improvements, window glazing, and entrance door 
replacement [50].

Another crucial element proposed is the hot water 
storage tank coupled with the air-to-water HP. The HP 
unit chosen as the reference is an appliance with typical 
technical features [31]. In this specific unit, the maximum 
water temperature for space heating is 55 °C, resulting in 
a SCOP of 3.47. A small tank (185 l) is integrated into the 
unit supplying DHW at 65 °C with SCOP of 3.3. The sys-
tem’s SCOP adopted in the calculations was 3.4. Sensible 
heat storage consisting of a water tank with a capacity of 
1  m3 was considered based on the design presented by 
Arteconi et al. [33].

The potential flexibility in the present study refers to 
the possibility to decrease electricity demand by shift-
ing consumption to an earlier or later time within 24 h. 
The exploitation of aggregated demand flexibility of 
consumers [51] could reduce winter peak load (typically 
between 16:00 and 19:00 in Hungary [52]). Demand 
aggregated from small end-users could prospectively be 
offered in the wholesale electricity market [53] or used 
to match generation from renewable sources such as 
solar PV and wind [25, 55].

In practice, approximately 11.5 kWh of heat could be 
stored if an envisaged well-insulated dwelling would be 
equipped with a 1000-L hot water storage tank (assum-
ing a 10 °C difference in inlet [45 °C] and outlet [55 °C] 
temperature of the water tank) [55]. As a simple exam-
ple, assuming electric water heaters with an efficiency 
of 100%, 88 dwellings would represent 1 MWh of elec-
tricity conversion and storage [37]. Applying the same 
parameters but considering the potential for electricity 
demand shifting, 500 dwellings each equipped with a 
2-kW electric heating system would represent 1 MW of 
flexibility.

Annual residential heat demand values were divided by 
the system’s SCOP to estimate the electricity consump-
tion in this period. In Hungary, space heating is required 
for approximately 180 days per year. Therefore, the daily 
average was obtained by dividing the annual heat demand 
by 180 days.

Each envisaged house could theoretically provide max-
imum flexibility (Eq.  1) equivalent to the consumption 
of the system operating with the given SCOP value [30]. 
This capacity also means the possibility to move demand 
from one hour to the next, or for shorter intervals, with-
out compromising the thermal comfort of the residents, 
which is guaranteed by the thermal storage within the 
limit defined in Eq. 3.

In Eq. 1, ihp is the capacity of the system defined in the 
scenario description ranging from 4 to 5 kW and ηp is the 
seasonal coefficient of performance. Based on the calcu-
lations in [37], the aggregated potential of the study area 
( Lshift,A ) is calculated by multiplying Lshift,H by the num-
ber of houses equipped with HPs.

The storage capacity was adopted considering the limi-
tations of existing buildings, meaning that tanks larger 
than 1  m3 may be too large to be installed. Based on 
the air-to-water HP and water tank setting investigated 
by Renaldi et al. [55], Eq. 2 results in the storage capac-
ity (in kWh). In this equation, v is the volume (1  m3), ρ 
is the water density (988.04 kg/m3), cp is the specific heat 
(4.18  kJ/kg/K), and �T  is the temperature difference 
(10 K):

(1)Lshift,H = ihp × 1/ηp

Table 1 Conversion and  efficiency factors in  the  light 
of local capabilities. Source: [46–48]

Fuel type Values Units Appliance Efficiency

Firewood (mois-
ture content 
45%)

2.42 MWh/m3 Wood burning stove 0.55

Natural gas 9.60 kWh/m3 Boiler 0.75

Lignite 2.44 kWh/kg Multi-fuel stove 0.45

Electricity 1 kWh Water heater 0.85
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The electricity required to heat the water stored in the 
tank is the limit per shifting cycle or for every 24 h (Eq. 3) 
[55]. This restriction ensures indoor thermal comfort 
during power shifting periods [35], meaning that the hot 
water stored in the tank can supply the household during 
HP downtime. This assumption is conservative because 
the building insulation contributes to maintaining indoor 
comfort.

This paper did not take into account dynamic effects 
in the calculations. Nevertheless, based on the literature, 
some aspects of dynamic load control required to utilize 
the potential flexibility are described in the discussion 
section.

Description of the scenarios
The scenarios comprehend the period from 2020 to 2040 
and have demographic trends as a central element. The 
number of houses (13,014) and the population changes 
in the last 20 years were considered as an ongoing trend 
showing a 10% decline [56, 57]. The pattern was adopted 
in all scenarios until 2040, meaning another 10% aver-
age decrease. More specifically, the population move-
ment appears in an overall 10% decrease in the number 
of occupied houses. Because the population movement 
trend differs within the area, each settlement was treated 
individually. At one extreme, in Kács, the population 
is expected to decrease by 34%. At the opposite end, in 
Kistokaj, this number is expected to increase by 16%. 
These are explained by the impact of population aging 
and movement from the countryside to bigger cities and 
more prosperous suburban settlements observed in the 
last two decades.

The scenarios were designed around two elements: 
fuel switching and energy retrofit of the housing stock. 
Fuel switching was implemented with heat pumps first 

(2)Qstorage = v × ρ × cp ×�T/3600.

(3)ecycle = Qstorage ×
1

ηp
.

replacing lignite-based systems due to the high local 
air-polluting impact of lignite. In those settlements that 
do not use lignite in large amounts, natural gas was the 
second fuel replaced. This fuel was among the priorities 
because it is mostly imported. Firewood was the third 
source replaced after lignite and natural gas. Firewood is 
among the priorities because its consumption is currently 
beyond the sustainability limit of the local forest [58].

Considering that it is not reasonable to modern-
ize the heating system if the building does not go under 
insulation improvements, the alternative scenarios are 
described in terms of the effectiveness of the renova-
tion and the annual rate of housing stock renovations 
(Table 2).

Scenario business-as-usual (BAU) Considers the so-
called “Standard Renovation” [59]. This renovation 
level consists of the insulation of the building envelope 
(e.g., façade), and a partial replacement of windows and 
entrance doors. This renovation package results in a 50% 
reduction in net heat demand [49]. Based on interviews 
with local decision-makers, 0.5% of the housing stock is 
improved with this level of renovation per year.

Scenario standard energy efficiency (SEE) Also con-
siders the “Standard Renovation” level, but the annual 
rate of renovations is increased to 1.25% of the housing 
stock [50]. As a theoretical solution, modernization of 
the heating system is considered solely with air-to-water 
HP (heating power of 5 kW), hot water storage tank, and 
low-temperature heating.

Scenario advanced energy efficiency (AEE) Considers 
the “Advanced Renovation” concept, which would result 
in 66% [50, 60] reduction in net heat demand. Air-to-
water HP (heating power of 4  kW), hot water storage 
tank, and low-temperature heating are considered at an 
increased renovation rate of 2.5% of the housing stock 
per year.

Scenario deep energy efficiency (DEE) This is a more 
ambitious scenario based on a whole-building evaluation 
and insulation improvements, known as the Nearly Zero-
Energy Building (NZEB) concept. Modernization of the 

Table 2 Summary of scenarios. Source: [49, 50, 59, 60]

Scenario Description Renovation rate (% 
of the stock/year)

Energy 
savings (% 
reduction)

BAU Current (moderate) energy performance improvements 0.50 50

SEE Current (moderate) energy performance improvements, low-temperature heating system, air-to-
water heat pump, hot water storage tank

1.25 50

AEE Advanced energy retrofit, low-temperature heating system, air-to-water heat pump, hot water stor-
age tank

2.50 66

DEE Deep energy retrofit, low-temperature heating system, air-to-water heat pump, hot water storage 
tank

3.75 75
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heating system is considered with air-to-water HP (heat-
ing power of 4 kW), hot water storage tank, and low-tem-
perature heating system. The scenario considers a 75% 
reduction in the current net heat demand of an average 
building [50, 60] at a rate of 3.75% of the housing stock 
per year.

Fuel switching and effects of energy retrofit were man-
aged using LEAP (The Low Emissions Analysis Platform 
[42]), and scenarios were created for each settlement in 
the study region. The platform is a scenario-based model 
that allows users to define detailed characteristics of the 
energy system (e.g., supply and demand) in a bottom-up 
approach. Energy demand reports and environmental 
reports are some of the indicators available to the user.

The platform is mentioned in analyses of the transpor-
tation sector [61] and scenario development for environ-
mental and energy planning in countries with limited 
data [62]. Concerning the residential sector, LEAP has 
been used for comparing energy consumption and  CO2 
emissions of efficiency actions [63]. Subramanyam et al. 
[64] modeled the residential heating sector and con-
cluded that efficient appliances could significantly con-
tribute to mitigating GHG emissions.

LEAP was the choice for the present study because of 
the possibility to define several end-use fuels and tech-
nologies and link energy demand to demographic trends. 
Moreover, it is possible to define which fuels are phased 
out.  CO2 and  PM10 emissions were also estimated using 
LEAP.

Emissions
CO2 emissions were estimated to compare the environ-
mental impacts of different energy carriers. Local  PM10 
emissions of the residential heating were calculated to 
compare the air-polluting effects of different energy car-
riers. Only end-user-related  CO2 and  PM10 emissions 
were considered in the estimation. For such, the char-
acteristics of residential combustion of natural gas [65] 
and lignite [66] and the carbon intensity of the electric-
ity consumed in Hungary were considered [67]. Firewood 
was assumed to be a carbon–neutral source and trans-
portation emissions were not estimated for firewood or 
lignite due to the lack of data on the required scale.

Lignite and firewood are the main sources of  PM10 
emissions related to heating in the study area (Table 3). 
 PM10 emissions caused by electricity production are not 
accounted for since the area is connected to the national 
grid. Natural gas does not contribute significantly due to 
its low sulfur content [65]. The average emission factor 
for lignite was based on [68], and emissions for firewood 
are based on the analysis carried by Kistler et al. [69] for 
typical types of wood of Central Europe. An upper and 

lower range was defined for firewood emissions due to 
significant variations of wood type and heating devices.

Payback estimation
The financial evaluation was expressed in terms of the 
payback time of the retrofit scenarios. The simple pay-
back time approach is common to investigate the poten-
tial of retrofitting existing buildings [70].

Unit costs of the retrofit actions make use of data 
reported by Harvey [50]. The average cost of the energy 
source has a direct impact on the payback time. There-
fore, two payback period scenarios (both without incen-
tives) demonstrate the sensitivity to natural gas prices. 
Payback period “A” considered the average European 
natural gas cost of 0.0632 €/kWh and Payback period 
“B” considered the average Hungarian natural gas cost 
of 0.0346 €/kWh [71]. Expenses related to replacing the 
heating system were based on [72, 73].

Results and discussion
This section is structured into four parts according to the 
results treated (Fig. 2). Part A concerns the estimated net 
heat demand of an average dwelling and how it compares 
to the literature [49]. The total net heat demand of the 
region and projections for 2040 are also discussed in the 
first part. Part B1 concerns the final energy to cover the 
net heat demand and Part B2 deals with the associated 
emissions. The four scenarios are graphically compared 
in terms of fuel type, final energy consumption, and 
emissions of  CO2 and  PM10. Part C briefly examines the 
economic implications of the retrofit measures (invest-
ments and payback period). Part D concerns the electric-
ity consumption in the three alternative scenarios and the 
aggregated flexibility from HPs coupled with hot water 
storage tanks. This part also reviews several obstacles in 
accessing the flexibility of residential consumers.

Part A: net heat demand
Considering the current state of the building stock, the 
average annual net heat demand is estimated at 132 
kWh/m2. This value is 12% lower than the value derived 
from the Tabula-Episcope project (149.9 kWh/m2) for 
an average detached house built between 1945 and 1979 

Table 3 Average carbon intensity and   PM10 emissions 
of  the  typical energy sources in  the  study area. Source: 
[65–69]

*CO2 emissions associated with transportation are not included

**PM10 emissions associated with electricity generation are not included

Electricity Natural gas Lignite Firewood

CO2 (kg/kWh)* 0.369 0.185 1.334 –

Local  PM10 (g/kWh)** – 0.001 1.400 0.251–0.504
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[49]. This type of residence described in the Tabula-Epi-
scope project corresponds to most of the houses in the 
study area. Since some buildings are newer and have bet-
ter energy performance, the 12% difference was consid-
ered satisfactory.

The total net heat demand of the area is estimated at 
159.1 GWh/year. The BAU scenario was the reference to 
estimate the change in energy consumption in the study 
period considering the population movement and cur-
rent retrofit rate. Scenario BAU projects the total net 
heat demand of the area at 138.8 GWh in 2040. Scenarios 
SEE, AEE, and DEE were compared to the BAU 2040, 
revealing a possible reduction in the order of 10%, 30%, 
and 50%, respectively. Comparing scenarios SEE, AEE, 
and DEE to the current state, the scenarios would repre-
sent in 2040 a reduction in the order of 20%, 40%, and 
60%, respectively.

Since one specific SCOP value was used as a reference, 
the results are sensitive to HPs currently used. However, 
more efficient technologies are and will likely be available 
on the market before the end of the study period.

Part B1: final energy consumption
Natural gas, firewood, and lignite are the most common 
sources for residential heating in the region. Electric-
ity is often used to provide DHW in the region, but not 
for space heating. Lignite is the dominant source in set-
tlements close to the mining site due to lower prices in 
comparison to other fuels. Fuel prices and high invest-
ment costs of more efficient systems are the main factors 
influencing the current heating energy mix of the region 
(Fig. 3).

The final energy consumption for heating and DHW 
of the 13,014 dwellings composing the study area is esti-
mated at 240 GWh per year. Each dwelling consumes on 

average 18.4 MWh/year. The national average calculated 
for the period 2015–2018 is 14.6 MWh/year [74]. The 
higher consumption in the study area is explained by the 
inadequate conditions of the housing stock.

An average dwelling has a heated floor area of approxi-
mately 90  m2 and annual final energy consumption of 
203 kWh/m2 (red line, Fig. 4). Larger positive anomalies 
were observed in two settlements. According to the sur-
vey, households in Bükkábrány and Kács have 23.8% and 
17.6% higher final energy consumption than the average 
in the study area, respectively.

The projected final energy consumption in 2040 is 
estimated at 209 GWh, a 13% decrease from the current 
average annual value. Fuels currently used represent the 
majority of sources in the scenario BAU. The alterna-
tive scenarios consider that electricity and ambient heat 
replace these energy sources prioritizing the elimination 
of lignite.

Ambient heat is considered a practically “infinite” 
resource, as thermal energy is utilized from outdoor air, 
even at relatively low temperatures (− 15 °C). Since elec-
tricity-based space heating is not common in the region, 
the overall electricity consumption would increase if HPs 
are introduced with rates indicated in any of the scenar-
ios (Fig.  5). The increase in electricity consumption in 
scenario DEE is small due to higher efficiency measures.

A 23% reduction in final energy consumption is 
observed when comparing scenario SEE to BAU by 
the end of the study period (2040). This value includes 
ambient heat utilization. Lignite cannot be phased 
out with the renovation rate described in scenario 
SEE. When scenarios AEE and DEE are compared to 
BAU, the reduction is in the order of 46% and 69%, 
respectively. Lignite could be phased out with actions 
described in scenarios AEE and DEE.

PM10 emissions

Current net 
heat demand

Projec�ons of 
net heat 
demand

Housing 
stock

CO2 emissions

PM10 emissions

CO2 emissions

Part D

Part B

Part C

Part A

Current final energy 
consump�on

Projec�ons of final 
energy 

consump�on

Flexibility poten�al in 
electricity

consump�on

Energy retrofit
measures

Payback 
period

Fig. 2 Overview of the proceedings of the study. Part A, B, C, and D refer to the topics in the “Results and discussion” section
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Fig. 3 The current residential end-energy mix for heating in the study area.  Source: own surveys
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Natural gas consumption could be reduced by half 
with the renovation rate described in scenarios AEE 
and almost phased out with strategies described in sce-
nario DEE.

Part B2: emissions
It is estimated that between 46 and 70 tonnes of 
heating-related  PM10 are emitted every year (current 

state—Fig.  6). Emissions were projected at 40–60 
tonnes in 2040 (scenario BAU). Scenarios SEE, AEE, 
and DEE result in 70–75% fewer emissions in compari-
son to the current state (Fig.  6). The three alternative 
scenarios only differ by 5% because even though fire-
wood and natural gas are also replaced, lignite is almost 
phased out in scenario SEE.

Change in final energy consumption (GWh)

SEE (2040)

AEE (2040)

DEE (2040)

-100 -75 -50 -25 0 25

Electricity Natural gas Lignite Firewood Ambient heat
Fig. 5 Change in final energy consumption in 2040 compared to scenario BAU.  Source: own calculations
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Burning of domestic waste is another factor con-
tributing to PM emissions; however, emissions from 
these activities are challenging to estimate due to waste 
heterogeneity.

CO2 emissions are presented in Fig. 7 for a compari-
son of different energy carriers. Since fuel switching 
is only considered with associated energy efficiency 
measures, the increase in electricity consumption and 
emissions are not proportional to emissions of fuels 
phased out. Consuming electricity from the national 
grid would result in lower emissions than burning lig-
nite or natural gas (in residential settings) to produce 
the required heat. Please note that this estimation is 
valid for the current average carbon intensity of the 
electricity consumed in the country.

Part C: payback period
The different payback periods among the scenarios are 
caused by decreasing energy needs as the efficiency 
measures are increased. Thus, a more extended payback 
period is needed if lower fuel costs apply. The payback 
periods can be reduced with financial incentives for 
building renovation and energy-saving initiatives. Dall’O’ 
et  al. [70] suggest that incentives could reduce payback 
time by 55%.

The results (Table  4) consider one average dwelling 
in the study area. Other aspects would need considera-
tion, namely, assessment on a building-by-building basis 
and the effects of renovation on the property value. 
Even though deep renovation measures result in a more 
extended payback period, it can be preferred as the 
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Fig. 7 Annual  CO2 emissions by end-use energy source for residential heating. Transportation emissions are not considered in the calculations. 
Source: own calculations

Table 4 Payback period evaluation of  retrofit scenarios for  one average dwelling in  the  study area.  Source: own 
calculations and [50, 70–73]

*No financial incentives for building renovation and energy saving are considered in this evaluation

Retrofit 
scenario

Unit costs 
(€/m2)

Heating 
system cost 
(€)

Total costs (€) Energy savings 
(kWh/year)

Money savings 
“A” (€/year)

Payback 
period “A” 
(years)

Money savings 
“B” (€/year)

Payback 
period “B” 
(years)

SEE 100 7000 16,000 14,093 891 18.0 493 32.4

AEE 130 7100 18,800 14,652 926 20.3 513 36.7

DEE 150 7100 20,600 14,967 946 21.8 524 39.3
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property value will also likely increase [75]. Other eco-
nomic benefits need to be considered at the policy and 
planning levels, including, tax revenue and job-creating 
[76], environmental impacts, and health benefits [77].

Part D: Electricity demand and flexibility
The estimated electricity consumption of the whole area 
and one representative dwelling are presented in lines 3 
and 4 of Table 5. Please note that line 3 of Table 5 sums 
up the consumption of each settlement and is therefore 
not the same as multiplying one representative dwelling 
by the number of houses in the area.

Continuous cycles of load shifting were limited by the 
electricity required to heat water that is stored in the 
tank. Therefore, considering a 1000-L hot water stor-
age tank as the guarantee of heat supply, the maximum 
energy that can be shifted continuously without com-
promising thermal comfort is 3.37 kWh/dwelling. This 
amount of energy is also the limit for every 24  h. The 
potential flexibility per dwelling (line 5 of Table 5) refers 
to HP operation at full capacity during the heating 
season.

Similarly, the aggregated flexibility (line 6, Table  5) 
is a theoretical maximum potential that would only be 
achieved if all HPs move their entire load from a given 
moment, all at the same time. For load reduction, this 
potential would not always be available because some 
HPs may not be operating at this specific moment.

Moreover, electricity demand flexibility is treated as 
theoretical potential in this paper because, in the case of 
residential consumers, the patterns of demand vary, and 
detailed data on the consumer’s behavior is needed [27]. 
The widespread availability of ICT (i.e., smart meters) 
and financial incentives are crucial for overcoming this 
obstacle. Nevertheless, Valero et al. [78] highlight that the 
definition of demand segments and the potential of the 
customer cluster is an essential step of the process.

At the national level, the latest census recorded 
2,585,226 detached houses in Hungary [79]. Considering 
the survey results and the retrofit target of 8720 dwell-
ings, it is possible to estimate, at least the order of mag-
nitude of the potential at the national level. Extrapolating 
the research outcomes, theoretically, the maximum of 
approximately 2281 MWh electricity consumption could 
be shifted to an earlier or later time provided that 75% of 
the detached houses would be equipped with an electri-
cal HP and hot water storage. This amount of electricity 
is more than the hourly production of the largest power 
station in the country. Considering the recent average 
6000–6600  MW peak electricity demand in the heating 
season [52], residential HP systems operating with hot 
water storage could play a significant role in DSM.

A downside of increasing the number of individual 
HPs is that the peak loads would also increase and likely 
cause voltage and congestion problems in low-voltage 
distribution grids [80]. According to Protopapadaki and 
Saelens [81], voltage stability problems could be critical, 
particularly in rural networks, and congestion issues can 
be expected already at HP penetrations of 30%. McK-
enna et al. [82] indicate that grid reinforcements may be 
required even at 25% penetration of HPs in rural settings.

To alleviate the effects on the power system and to 
cope with the systems’ need to rapidly match supply and 
demand, proper control of the heating system, includ-
ing the storage tank, is required. The need for automatic 
control implies that several technical obstacles need to 
be overcome first: energy management systems (units 
that react to price or other automated signals) need to 
be available to all dwellings in the demand response pro-
gram. Moreover, the residents’ willingness to enroll and 
contribute to the program would be crucial. McKenna 
and Thomson [83] argue that domestic consumers are 
changing their “demand response behavior” and extend-
ing their practices beyond typical appliances (washing 

Table 5 Estimated electricity consumption and potential demand flexibility in 2040.  Source: own calculations

Scenario

Scale SEE AEE DEE

Retrofit target by 2040 (number of houses) Study area 2907 5813 8720

Share of the total (%) Study area 25 50 75

Total electricity consumption for heating (MWh/year) Study area 5372.2 7163.0 8058.4

Average electricity consumption for heating (kWh/year) Household 1848.0 1232.2 924.1

Theoretical flexibility Lshift,H (kW) Household 1.5 1.2 1.2

Aggregated theoretical flexibility
Lshift,A (MW)

Study area 4.3 6.8 10.2

Total flexibility per 24 h (kWh electricity) Household 3.4 3.4 3.4

Heat storage capacity (kWh heat) Household 11.5 11.5 11.5
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machines, dishwashers, heating appliances) to cleaning 
and cooking practices as long as they see benefits. How-
ever, limited financial incentives to consumers is an eco-
nomic barrier [84]. Another obstacle is the design and 
regulatory framework of the electricity market, which 
needs to allow load aggregators to trade demand flexibil-
ity [51, 85]. A careful investigation of these obstacles is 
still needed.

Conclusion
This paper has analyzed the current residential heating 
energy consumption of a typical rural area in Hungary. 
The heating energy consumption and associated  PM10 
emissions were projected for 2040 in a business-as-usual 
and three alternative scenarios considering demographic 
trends and energy retrofit of the residential stock. Due 
to poor insulation conditions and inadequate heating 
sources in the area (namely lignite), the current housing 
stock retrofit rate of 0.5% per year is not enough to obtain 
even minimal results in the field of energy sufficiency, let 
alone in the “climate battle”. Increasing the retrofit rate 
to 2.5% would reduce the total emissions of local air pol-
lutants but would not significantly reduce annual heat-
ing energy consumption. The main suggestion for this 
particular area is that the retrofit process needs to be 
accelerated to at least 3.75% of the residential stock per 
year. These energy retrofits should include thermal insu-
lation of the building and lignite-based systems should 
be phased out, preferably being replaced by efficient 
heat pump systems as suggested by the results described 
above.

One step further would be to use rooftop solar PVs to 
supplement the HP. A system of 0.70–0.75 kW capacity 
[86], which is only 10% of the average system (7.6  kW) 
equipped in the last quarter of 2018 in Hungary [87], 
could generate the equivalent annual electricity con-
sumption for heating of an envisaged dwelling (925 KWh 
in scenario DEE). While the addition of a solar PV system 
would not solve the aforementioned peak demand prob-
lems of the distribution grid outright (as PV generation 
and heat demand fluctuate daily/seasonally), it is recom-
mended to further investigate the addition of solar PV in 
any building energy retrofit.

Nevertheless, energy poverty is a barrier for retrofit 
plans in this region, and without external subsidies, it is 
impossible to reach most households. The price of an air-
to-water HP system and storage tank altogether, without 
any additional costs, would be eight times higher than 
the average monthly salary in the county [88]. Moreo-
ver, without external support, the payback period is 
not particularly attractive. The uptake of HPs would 
highly depend on incentive tariff systems or investment 

subsidies, as well as communication campaigns and 
financial regulation.

With this in mind, the investigated alternative could 
promote access to cleaner heating in rural areas fac-
ing similar challenges. An added benefit is the poten-
tial for flexibility in electricity demand, provided that 
a hot water storage tank is available. While the field of 
demand flexibility at the residential level is promising, 
there are still many obstacles in the way of its effective 
use. The strong integration of energy efficiency meas-
ures with consumer participation would be critical for 
demand response programs and in ensuring a future of 
sustainable energy.
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