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Abstract: Energy and climate policies benefit from modernized construction technology and energy
supply source choices. Energy-efficiency improvement and CO, emission reduction will result
from renewable energy (RE) utilization in new and retrofit single-family houses in rural Poland.
Several house construction scenarios and heating energy sources comparing building costs and
potential emission reduction are based on already existing structures calculated for a 100 m? dwelling
corresponding to the average rural home. With the addition of thermal insulation and RE-generating
equipment, construction costs increase, but the energy costs of operating the home dramatically shrink
between a conventional and energy-neutral house. The latter scenario includes thermal solar panels
and a heat pump as heating energy sources as well as electricity-generating PV panels. Replacing coal
with environmentally-friendly RE reduces CO, emissions by about 90% annually. Additionally, lower
dependence on coal lessens other GHG emissions leading to immediate air quality improvement.
New house building regulations guide homeowner construction and heating energy choice, but even
larger gains could result from retrofitting existing rural houses, expanding environmental benefits
and generating energy bill savings to households. However, the varying climate throughout Poland
will require the purchase of energy in winter to assure residents’ comfort.

Keywords: renewable energy; rural residential housing; emission reduction; construction
regulations; Poland

1. Introduction

The decarbonization of the economy requires multipronged efforts encouraging wide adoption
of energy-efficient technologies and the increased utilization of renewable energy (RE) sources.
Poland’s policies fall in line with European Union (EU) goals and pursue the decarbonization of
the economy [1]. The reduction of fossil fuels is part of the energy and climate change policy in
Poland, the country most dependent on coal for the production of energy in the European Union [2].
Lowering the use of coal is also the goal of the country’s air quality improvement policy because of
the substantial negative health outcomes caused by toxic emissions [3]. The dramatic re-structuring
of industry in Poland in the last decades led to large reductions in using coal and lowered GHG
emissions, especially CO, which decreased from 11.164 ton per capita in 1989 to 7.876 ton per capita
in 2016 [4]. However, climatic conditions necessitate heating living spaces in homes and apartments
from fall until early spring, and even during cool periods at other times of the year. The needs for
heating energy vary across the country [5], but are particularly important to occupants of single-family
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homes, which prevail in rural areas of Poland and are heavy users of fossil fuels. Rural residents lack
opportunities to access piped heating used by 40% of urban households in 2018 [6]. Improvement of
life quality and utilization of locally available resources such as RE are the goals of the Strategy of
Sustainable Development on Rural Areas, Agriculture and Fisheries for the period 2012-2020 see for
example [7]. This strategy reflects the commitment to sustainable development stated in the Polish
Constitution (1997, Chapter 1, art. 5).

Heating energy accounts for the largest portion of all household energy expenditures. In the
past decade, programs supporting RE utilization by households provided generous subsidies for the
purchase and installation of thermal solar panels and rural households participated in the program
motivated by energy cost savings [8]. However, the utilization of solar energy installations for
single-family homes remains relatively limited. In 2018, one in 52 households used solar energy in
Poland [6]. More recently, homeowners could take advantage of subsidies and low-cost loans through
participation in a program involving the replacement of coal-using boilers with energy-efficient
heating systems including wood pellet furnaces [9]. Such programs reduce heating energy needs in
single-family homes, but those needs strongly depend on the construction technology used to build
the house. In this context, the adoption of new construction technology mandated by new building
regulations takes the concept of sustainable development to a new level. The regulations change
construction methods which result in reduction of energy needs of households.

The new regulations are one element of policies aimed at increasing energy security, GHG emission
reduction, utilization of RE, and encouraging modern thermal insulation methods in the construction
of single-family homes in Poland. The regulations resulted from the EPBD Directive on the energy
efficiency of buildings and become compulsory in 2021. The regulations require all newly built houses
to achieve zero-energy status, i.e., show zero energy consumption. The EPBD also applies to old
buildings. According to the Directive, every potential homeowner receiving a building permit in 2021
has to meet the technical conditions (WT 2021). The new standards apply to all construction projects,
including modernization or expansion of an existing building, although some details have not been
finalized [10,11].

New regulations are a part of a multipronged approach at increasing energy efficiency that
sustain efforts to modernize older rural housing to permanently improve living conditions, local air
and environment quality, and assure energy cost savings to households. The requirements in new
construction regulations improve the coherence of government programs and allow current or
future homeowner to take advantage of several separate programs aiming at energy-efficiency and
RE utilization. Additionally, the mandatory building regulations eliminate the resistance to RE,
while the subsidy and low-cost loans encourage homeowners who expressed opinions that subsides
for RE-utilizing equipment were important in their decision-making [8]. These approaches lessen
rural resident opposition to the use of RE and stronger building regulations while implementing
constitutionally-mandated sustainable development.

To provide insight about gains from energy-efficiency enhancement of single-family houses,
this study compares investment costs, heating energy costs, and the amount of emitted CO, and other
GHGs under alternative construction technology scenarios and several renewable and non-renewable
energy use setups to heat the living space and domestic hot water. Space and water heating are the
main uses of heating energy by Polish households [12]. Heating energy needs result from climatic
conditions which are quite complex because of the country’s geographical location [13]. The current
study assumes the perspective of a predominantly rural homeowner in a country where GDP per
capita in PPS is below the EU average [14] complementing research on the European decarbonization
pathways analyzing emission reduction and the use of RE at the aggregate level, for example, see [15].

The scenarios include a traditional house heated with coal, traditional house using natural gas,
traditional house heated with wood pellets, a house that utilizes RE and thermal insulation, and an
energy-neutral house built with the latest construction technology. An average rural house had
approximately 108 m? of living space in 2018 [16] traditionally heated with coal. Starting in 2021,
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households and the homeowners will face construction regulations requiring all newly constructed
buildings to be passive in terms of energy use and equipped with RE micro-installations [17]. Owners of
existing houses constructed with outdated technology and using heating systems emitting large amounts
of air pollutants can enjoy major energy savings by retrofitting their dwellings by taking advantage
of currently implemented government programs. Results from this study provide information for
public education campaigns illustrating the cost differences of operating houses using different types
of energy as well as the associated reduction in air pollution. Lower toxic emissions instantaneously
improve air quality in the immediate neighborhood enhancing life quality and health outcomes and
serving as another argument for convincing homeowners to use the best available technical solutions.

The study expands the existing literature that includes research on energy performance
of multifamily buildings [18] and the use of gas-powered boilers to heat residential houses in
northern Poland [19] or the use of hybrid central heating systems using RE in southern Poland [20].
Moreover, the study considers multiple construction technologies and alternative heating systems.
New construction scenarios are supplemented by a discussion of retrofitting an existing rural home with
a central heating system utilizing biomass, the most common form of RE in the EU [21]. The selected
biomass heating system utilizes wood pellets, a relatively new form of sustainable fuel gaining
popularity in Poland.

The study is justified by constant new construction and the existence of a large number of detached
houses in rural areas of Poland (more than three million) and emphasizes opportunities for higher
energy efficiency, a key element in transforming the energy system in the EU [22]. The focus on
single-family houses is also motivated by the portion of households residing in single-family homes
increasing by more than 3% between 2005 and 2016 reaching 38.2% [23]. The trend to live in a detached
house in Poland, defies the trend towards apartment living in multi-family housing observed in
western EU country-members. The trend reflects the generally smaller average living space in Poland
than in many other EU countries, but the larger detached house space involves critical decisions
regarding energy-efficiency and the choice of heating energy. The consideration of alternative scenarios
of building technology and heating energy sources offers insights about newly constructed homes,
but also provides information for educating the owners of existing detached rural houses about
economic gains from investing in energy efficiency and RE utilization. The study supplements previous
research showing the crucial role of engaging owners of single-family houses to lower heating energy
needs by using some RE [24]. The case study also develops alternative scenarios estimating the amount
of CO, emission reduction resulting from new building regulations.

An earlier study found that the greater the benefits to rural communities in Spain, the greater the
social acceptance of projects involving the use of RE [25], while a sizable portion of the public did not
see obvious benefits from the long-term economic feasibility of RE use in Finland [26]. The absence
of public consultation before imposing new construction regulations in Poland forcing the use of RE
coincides with the limited information on the benefits and may be interpreted as lacking impartiality.
Although the public has generally favorable views of RE in Poland, once the costs of RE use affect
the household, attitudes change. The distinction between the general support and local perceptions
should be considered suggested a study of German public [27].

2. Rural Housing and Sustainable Growth

Rural areas cover 93% of Poland’s territory [28] and rural residents account for 39.9% of the total
population and that share has increased 0.7% since 2018. Rural areas are associated with farming
and farming dominates the rural economy, but housing construction has been rapidly growing and
contributing to local economies. The drivers of the housing construction sector are the desire of
many Poles to enjoy their own individual family house as well as the replacement or renovation of
existing homes. The first phenomenon results from strict regulations limiting apartment and house
size under the former centrally-planned economy and a chronic shortage of accommodation for the
expanding population. The generation of “baby boomers” was forced to live in cramped apartments
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in urban areas, or share rural houses with parents and grandparents. The never-ending shortage of
construction materials severely constrained the ability to enlarge or build new houses even if the size
of a rural property could allow such an expansion. The transition to a market-driven economy since
1989 removed restraining regulations, while eliminating scarcities of construction materials and lack of
access to updated building technology. The new limitation is the availability of real estate in urban
areas, which led to migration to nearby rural areas, where land was less expensive. The majority of the
approximately 80,000 new homes built every year in Poland is located in rural areas.

Simultaneously, the abundance of construction material permitted rural residents to either replace
their old house or retrofit and enlarge the existing structure. Single-family homes represent 86.3% of
all housing in rural areas [29], while multi-family housing accounts for 76.5% of all urban housing [29].
The booming construction in rural areas creates new demands on the energy supply. The construction
sector uses about 40% of the world’s energy [30]. An average household uses about 65% of purchased
energy for space heating and 16.6% for heating water for daily use in Poland. The share of energy used
for lighting and cooking is relatively small, 9.8% and 8.5%, respectively. The typical rural household
uses more energy than an urban household because of the difference in size. For example, the average
size of a rural house living area was 108.1 m? versus 67 m? in urban areas in 2018 [29]. Although many
rural residents enjoy large living areas, their incomes are often below those of urban residents which
drives their search for the lowest possible energy costs [31].

With scattered settlements of low-density housing, rural areas pose a challenge in the supply of
heating energy in Poland. Although 45.8% of multi-family housing in urban areas receive heat from
centralized heat-generating plants, the share among rural households was 2.9% in 2018. For example,
natural gas was used for space and domestic water heating only in 7.3% of rural households in
2018. The typical rural home is heated with solid fuels, primarily coal used, by 86.2% of households.
Rural households used 9.9 million tons of coal and thousands of tons of wood to start the coal fire.
Some households using coal-fired furnaces burn plastic and other burnable waste increasing air
pollution [32]. A recently enacted regulation allows local government representatives to enter homes
in Poland to verify what is being burned in boilers [31]. Inadequate insulation and inefficient furnaces
contribute to heat loss and house construction technology is a major factor determining the heating
energy requirements.

A sizable share of rural homes was constructed before 1961 when regulations allowed the thermal
efficiency of k < 0.87. Rural homes built between 1961 and 1995 represent 51.8% of housing and had to
meet higher requirements of k < 0.3. Since 1996, another 14.5% of houses were built in rural areas,
still under the requirement of k < 0.3. New regulations placed in 2008 increased thermal efficiency
requirements to k < 0.25 [33]. Since then, new regulations follow the guidelines adopted by the
European Commission [34].

The new construction requirements provide strong incentives to use RE, e.g., solar thermal
panels, wood pellet boilers, and heat pumps for home heating systems and PV panels for generating
electricity. The recently introduced programs offer subsidies and low-interest loans for replacement
of home heating systems and are specifically addressed to single-family homeowners and those
building new homes [9]. However, the response to the program operating since January 2018 has
been minor [6]. The results of this study provide evidence of the substantial long-term economic
gains through cost reduction of operating a house and can be applied to popularize the program.
An increased participation in the program directly achieves the goal of local air quality improvement
and extends contributions to national and EU energy and climate policy implementation. As a result,
the consideration of alternative building technologies with a focus on the type of energy used involves
the economic, social, and environmental aspects of sustainability.

The social acceptance of new building regulations determines the future compliance and the use
of RE in new homes. Moreover, once the homes constructed using the modern technology guided be
recent regulations [35] appear in rural landscape, the owners of the existing houses are more likely to
undertake thermal modernization of their residencies. The living comfort in an energy neutral house,



Energies 2020, 13, 6637 50f 18

the convenience of purchasing heat-generating energy, and largely eliminated disposal of ash have an
unquestionable appeal. With the social aspect of sustainability in the background, the focus shifts to
the economic and environmental aspects.

3. Methodology

3.1. House Construction Scenarios

The case study presents three scenarios involving the use of different construction methods. All of
the scenarios involve fully completed and closed structures and include the installation of all windows,
external doors and the door to the garage. Additionally, the scenarios also include insulation of the
roof. However, the energy-efficiency of the insulating materials varies depending on the scenario.
Each of the single-family house scenarios is equipped with heating systems utilizing fossil fuels and
different RE sources. The comparisons also include the use of electricity supplied from the grid.

3.2. Building Model

The average living space of a single-family rural home according to the National Census summary
was almost 97 m? in 2002 and increased to 101.8 m? in 2011 [36]. The average living space has been
gradually increasing over time and reached 108.1 m? in 2018. However, many newly built detached
houses have a floor plan much larger than the existing homes as indicated by the national average of
143.5 m? in 2018 [37]. The ever-changing living space alters heating needs, although regional climate
variation may shorten or extend those needs in Poland. The current study assumes a single-family
home with 100 m? of living space and the calculations provide a benchmark that allows for adjustments
for specific homes. Another simplification is the application of a house plan that is a rectangle and
includes a garage as a part of the building. The house is a duplex with a functional second story (attic)
and a gabled roof. Such design is common in rural areas among newly built and existing homes.
The typical house occupies a flat and open terrain; most newly constructed homes are not on farms and
contrast with older rural houses of farming families that are typically surrounded by buildings on the
same property. The model building is heated using radiators mounted on the walls. The space heating
equipment also provides the hot domestic water. The building plan does not include a basement or a cellar.

3.3. Construction Costs

Information about construction costs, costs of RE micro-installations, costs of a coal-fired
furnace, and exterior wall and roof insulation were obtained from publicly available sources
(see Appendix A). The scenarios include separate estimates of the annual costs of supplying the
family with hot domestic water and heating the living space, the two main energy-related expenses
for households in Poland. Calculations use energy prices reported by the Central Statistical Office
(GUS). The alternative construction scenarios include the same major elements: building the shell
of the house, installing windows, doors, roof insulation, and the heating and energy supply fitting.
Although prices of construction and insulation materials vary between regions, those variations are
usually negligible. Any reductions in costs that suppliers can achieve through market segmentation
generally do not exceed transportation costs. Some potential homeowners in rural areas, for example,
may save on labor costs if they choose to perform some tasks such as the installation of roof insulation
or doors, but the savings are relatively small. The summarized costs are for the same building plan,
but differ in the amount, type and energy-efficiency of selected materials and, wherever applicable,
the associated labor costs.

3.4. Evaluation of CO, Reduction Emission

The indicators of CO, emissions for various sources of energy used by a single-family dwelling
were obtained from the National Center for Emission Accounting and Management [3]. In the case
of coal, the emission indicator was 94.7 kg/GJ and for natural gas it was 56.1 kg/GJ. The indicator
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associated with electricity that a house will have to purchase, especially during the long heating season,
was 93.87 kg/GJ. The study follows the Ministry of Infrastructure and Development methodology for
establishing energy features of a house or a part of a house issued on 27 February 2015 [38].

3.5. Calculation of Reduction of Other GHG and Particulate Emissions

Currently, the majority of rural homes use coal in inefficient residential stoves to heat the living
space and domestic water. Burning coal emits NO, and SO, [39] as well as particulate matter,
a well-recognized problem in Poland [40]. The emissions negatively affect health [41,42], including that
of children [43]. The reduction estimates of selected toxic emissions supplement the measures of
environmental benefits associated with the new building regulations.

4. Results

4.1. Construction and Thermal Insulation Costs

The construction of the shell of the building includes the ground preparation, construction of
foundations, external walls, chimneys, ceilings, roof construction and cover, and gutters (Table 1).
Sustainable growth in single-family home construction begins with the initial investment. The use of
conventional construction technology is less expensive than the energy-neutral technology, but the
differences in material used to construct external walls reveal energy-efficiency gains.

The conventionally-built home uses a brick type characterized by the heat transfer coefficient
U = 0.35 W/m?K and drops to U = 0.31 W/m?K for the other two scenarios (where the lower value
implies better insulating properties) (Table 1). The least expensive scenario includes thin external
wall thermal insulation, and the costs increase for other scenarios. The energy-efficient home has an
insulation layer of material 12 cm thick, while the energy-neutral home’s wall insulation is 18 cm thick
with higher insulating value. The material costs increase by 50% in the energy-efficient house variant
and nearly triple (an increase of 283.3%) in the energy-neutral scenario. Labor costs increase by 89.5%
for the two scenarios as compared to the conventional construction, but the energy efficiency improves
substantially as the heat transfer coefficient decreases from 0.28 W/m2K to 0.15 W/m2K.

Once the shell of the house is completed, the major factors contributing to the total construction
costs are related to the energy efficiencies of the three types of homes (Table 1). Windows, doors
and the garage door installation completes the house and allows for the interior work on the house
(not considered here). A conventional house is equipped with PCV double-pane windows with the
heat transfer coefficient k = 1.4. More energy efficient widows with k = 1.1 are installed under the next
scenario, but triple pane windows with k = 0.85 are installed in the energy neutral house. The cost
differences are substantial and compared to the traditional home, the energy-efficient scenario lists
window costs, respectively, 206.6% and the energy neutral 412.8% higher. Labor costs are only 25%
higher in the energy neutral case because of the more involved installation. The door selected for the
conventional house costs about a third of the entrance door installed in the energy neutral home and
almost 60% of the door in an energy efficient house.

The labor cost difference in mounting the garage door is large in relative terms, 33.3%, but small in
absolute terms between the first and the other two scenarios (Table 1). The garage doors installed in the
three scenarios differ in their insulating capacity (U = 1.6 W/m2K vs. U = 1.1 W/m2K vs. U = 0.9 W/m2K)
and the model, a single vs. segmented door. The interior thermal insulation of the attic differs only in
the cost of the material since the labor cost is the same under all scenarios.

The last item of closing the structure is the cost of insulating the roof. The heat transfer coefficient
of the insulation, U = 0.036 W/mZ2K, is identical for the two scenarios and there is a difference in the
thickness of the mineral wool layer (Table 1). The energy-neutral house uses a different insulation,
polyurethane (PUR) foam, characterized by U = 0.023 W/m?K. With the labor costs identical for the
three scenarios, the cost difference is in the amount and type of materials, and the cost more than triples
(327.7% higher) in the case of the energy neutral house as compared to the conventional scenario.
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Table 1. Building stage and costs of materials and labor for three construction technologies applying different thermal insulation and heating and supplementary

energy supply systems for a single-family home with 100 m? of living space, Poland, 2020.

Construction Stage

Traditional Construction

Energy-Efficient Construction

Energy Neutral Construction

Ground preparation, foundations,
insulated floor on the ground

Concrete sleeper on compacted soil,
moisture barrier, a 5 cm Styrofoam layer,
floor screed M = 16,000 PLN;

L =22,000 PLN; M + L = 38,000 PLN
(8877 EUR)

Concrete base on compacted soil,
moisture barrier, a 15 cm extruded
polystyrene EXP layer, floor screed

M = 27,500 PLN; L = 22,000 PLN;
M + L =49,500 PLN (11,563 EUR)

Foundation plate with thermal insulation
performing the floor function set on the
ground surface M = 31,000 PLN;

L =20,000 PLN; M + L = 51,000 PLN
(11,915 EUR)

External walls

Single layer wall made of blocks of
autoclave aerated concrete (AAC) 36.5
cm in length with U = 0.035 W/m?K and
covered with cement-gypsum
M = 12,000 PLN; L = 9500 PLN;

M + L = 21,500 PLN (5023 EUR);
External wall U = 0.28 W/m2K

Double layer wall of ceramic blocks
25cm P + W with U = 0.31 m?K + 12 cm
Styrofoam with U = 0.035 W/m?K +
thin-layer plaster M = 25,000 PLN;

L = 18,000 PLN; M + L = 43,000 PLN
(10,045 EUR); External wall
U =0.23 W/m?*K

Double layer wall of ceramic blocks
25cm P + W, U = 0.31 W/m?K + layer of
graphite polysterene 18 cm thick and
U = 0.031 W/m?K + thin-layer plaster
M = 34,000 PLN; L = 18,000 PLN;

M + L = 52,000 PLN (12,147 EUR);
External wall U = 0.15 W/m2K

M = 6000 PLN; M = 3500 PLN; M = 3500 PLN;
Chimneys L =2000 PLN; L =500 PLN; L =500 PLN;
L + M = 8000 PLN L + M =4000 PLN L + M =4000 PLN
(1869 EUR) (934 EUR) (934 EUR)
M = 26,000 PLN; M = 26,000 PLN; M = 26,000 PLN;
Monolithic ceiling, reinforced concrete L =9000 PLN; L = 9000 PLN; L =9000 PLN;
L +M = 35,000 PLN L +M = 35,000 PLN L +M = 35,000 PLN
(8176 EUR) (8176 EUR) (8176 EUR)
M = 7500 PLN; M = 7500 PLN; M = 7500 PLN;
. L = 8000 PLN; L =8000 PLN; L = 8000 PLN;
Timber roof truss L + M = 15,500 PLN L + M = 15,500 PLN L +M = 15,500 PLN
(3621 EUR) (3621 EUR) (3621 EUR)
M = 4500 PLN; M = 4500 PLN; M = 4500 PLN;
Roof initial covering, soffit boards, L =5500 PLN; L =5500 PLN; L =5500 PLN;
gutters, etc. M + L =10,000 PLN M + L = 10,000 PLN M + L =10,000 PLN
(2336 EUR) (2336 EUR) (2336 EUR)
Steel tile Ceramic tile Ceramic tile
M = 6150 PLN; M = 9500 PLN; M = 9550 PLN;
Roofing L = 4100 PLN; L =9500 PLN; L =9500 PLN;
L +M =10,250 PLN L +M =19,000 PLN L +M =19,000 PLN
(2394 EUR) (4439 EUR) (4439 EUR)
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Table 1.

Cont.

Construction Stage

Traditional Construction

Energy-Efficient Construction

Energy Neutral Construction

Closed house shell

Windows

Double-pane PCV windows, k = 1.4

M = 7480 PLN; L = 2500 PLN;;
M + L = 9980 PLN (2331 EUR)

Double-pane PCV windows, k = 1.1

M-12,950 PLN; L = 2500 PLN
L + M = 15,450 PLN (3610 EUR)

Triple-pane PCV windows, k = 0.85
M-24,050 PLN; L = 3000 PLN;
(warm assembly), L + M = 31,550 PLN
(7370 EUR)

Entrance door

Door withk =1.7
M = 1850 PLN; L = 450 PLN
L + M = 2300 PLN (537 EUR)

Door withk =1.5
M-3100 PLN; L = 600 PLN L + M = 3700
PLN (864 EUR)

Door withk =1.3
M = 5500 PLN; L = 600 PLN;
L +M = 6100 PLN (1425 EUR)

Garage door

Up-and-over garage door with a drive,
U = 1.6 W/m?K
M = 2250 PLN; L = 1000 PLN,
M + L = 3250 PLN (759 EUR)

Sectional garage door with a drive,
U=11m?K
M = 4650 PLN; L = 1000 PLN,
M + L = 5650 PLN (1320 EUR)

Sectional garage door with a drive,
U =09 m’K
M = 9600 PLN; L = 1000 PLN
M + L = 10,600 PLN (2475 EUR)

Attic insulation

Mineral wool, 10 cm layer,
U =0.036 m2K
M = 2500 PLN; L = 4350 PLN
L + M = 6850 PLN (1600 EUR)

Mineral wool, 15 cm layer,
U =0.033 m2K
M = 3200 PLN; L = 4350 PLN
L + M = 7550 PLN (1765 EUR)

Rigid PIR foam board 10 cm thick,
U =0.023 m?K
M =10,693 PLN; L = 4350 PLN;
L + M = 15,043 PLN (3515 EUR)

Heating and supplementary energy equipment installation

Central heating

Central heating installation with a gas
boiler for natural gas
M = 7200 PLN; L = 8000 PLN
L + M = 15,200 PLN (3551 EUR)

Central heating system with a gas
condensing natural gas boiler
M = 13,000 PLN; L = 8000 PLN
L + M = 21,000 PLN (4905 EUR)

Central heating installation with a
ground heat pump
M = 28,000 PLN; L = 8000 PLN
L + M = 36,000 PLN (8411 EUR)

Supplementary energy supply sources

None

Thermal solar panels
M = 22,000 PLN; L = 5000 PLN
M + L =27,000 PLN (6310 EUR)

PV panels, 6 kW capacity
M = 28,000 PLN; L = 7000
M + L = 35,000 PLN
(8175 EUR)

Radiators

Radiators

M = 4500 PLN; L = 3000 PLN
L + M = 7500 PLN (1750 EUR)

Radiators

M = 4500 PLN; L = 3000 PLN
L + M =7500 PLN (1750 EUR)

Low—temperature radiators,
preferably flat
M = 8000 PLN; L = 3000 PLN
L+ M =11,000 PLN (2570 EUR)

Ventilation

Gravity ventilation L + M = 1000 PLN
(233 EUR)

Mechanical ventilation M = 11,000 PLN;

L =3000 PLN; M + L = 14,000 PLN
(3271 EUR)

Mechanical ventilation + heat
exchangerM = 11,000 PLN + 9420 PLN; L
=3000 PLN; M + L = 23,420 PLN
(5472 EUR)

Note: L—Labor, M—Material. Source: Calculations based on [44-57].
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4.2. Heating System and Electricity Supply

The primary source of heating energy and hot water is a natural gas-operated boiler in the
conventional home. The energy-efficient home is equipped with a gas-fired double function condensing
boiler. Both scenarios imply that a rural resident has access to piped natural gas. Access to piped
gas in rural areas is increasing but still infrequent in Poland. In some regions, especially those with
local natural gas deposits, the use of gas-fired boilers is realistic. Rural residents could use LPG tanks
that must be periodically refilled, but the weather pattern in winter months determines the refilling
frequency and two gas explosions in November 2020 in homes heated by LPG indicate the possible
problems in operating such systems. The differences in costs of these systems are not considered in the
current discussion. The energy neutral home obtains heat energy using the geothermal heat pump,
which is the primary reason for the nearly three-fold increase in equipment costs. Specifically, the boiler
cost of 7200 PLN (1692 EUR) in the conventional house scenario increases to 28,000 PLN (6542 EUR),
or 288.9% more, when choosing a geothermal heat pump. Interestingly, labor costs are basically the
same regardless of the homeowner’s choice of the heating system. Space heating involves radiators in
the case of the conventional and energy-efficient house, and flat, low-temperature radiators in the case
of the energy-neutral house.

The energy-efficient and energy neutral homes utilize RE in the form of solar radiation.
The energy-efficient home uses thermal solar panels, while the energy neutral house uses PV panels
with the capacity of 6 kW. The panels are intended as the supplementary source of energy to power
the heat supply system. Under Poland’s climatic conditions and depending on the region, an energy
neutral house will likely require a purchase of electricity during the months when the demand for heat
is particularly high because of the scarcity of solar radiation. In Poland the available solar radiation is
most scarce during the periods of highest demand for space heating [58]. The energy neutral house will
generate surplus electricity in other periods because the solar radiation is typically higher, while the
heating needs are limited to the use of hot water. On balance, the home will offset electricity purchase
with the supply of electricity to the grid.

Finally, the costs of house ventilation are lowest in the case of using a gravitational system in the
conventional house, but 11 times higher when the energy-efficient house uses mechanical ventilation
(Table 1). The mechanical ventilation system in an energy neutral house is even more pricey and
includes the heat exchanger for the total cost 24 times higher than in the conventional home.

4.3. Total Cost Differences

Table 2 summarizes the total costs of building a single-family 100 m? house using the three
construction technologies and three choices of the central heating system. The costs for various
construction stages are listed in Polish zloty and euro. The cost of construction of the unfinished
energy-efficient house is 44.5% higher than a house using traditional technology. The costs are 182.8%
higher in the case of an energy neutral house. The cost of the heating system and the supplementary
electricity source for an energy neutral single-family house is a staggering 353.2% greater than that of a
rural house having access to piped natural gas, which reaches a fraction of the rural population.

Table 2. Construction costs of a single-family house using alternative construction technologies and
energy, in Polish zloty (PLN)/euro.

Construction Costs Traditional House Energy-Saving House Energy-Neutral House
Closed unfinished house 22,380/5229 32,350/7558 63,293/14,788
Heating and
supplementary energy 23,700/5537 69,500/16,238 107,420/25,100
equipment installation
Total cost @ 183,830/42,951 272,850/63,750 356,713/81,650

2 Assumes a single-family house has 100 m?2. Note: Exchange rate as of November 15, 2020: 1 euro = 4.2807 Polish
zloty [59].
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4.4. Heating Energy Needs under Alternative Construction Scenarios and Retrofit Options

In the conventional house common in rural areas, the heating system utilizes coal and often
serves a dual purpose of heating the space and domestic water. Maintaining the room temperature
requires constant monitoring and adding coal. Coal not only generates a sizable volume of ash, but ash
disposal involves additional fees. However, the annual cost of heating space and domestic water
is lowest, slightly outperforming the use of natural gas (Table 3). The use of natural gas does not
require constant monitoring and eliminates the removal and disposal cost of ash. Given the lack of
access to natural gas in rural areas, a wood pellet boiler offers an alternative. Wood pellet is a rather
novel energy source available for household use and the specialized boilers require less frequent
monitoring than the coal boiler does, while the amount of ash is a fraction of that resulting from coal
burning. Wood pellets generate substantial environmental benefits because they are a locally available
RE supplied by manufacturers located mostly in rural areas. Moreover, the wood pellet ash can be
readily applied as fertilizer [60] in landscape surrounding a single-family home. The convenience
of wood pellet use is countered by the higher total costs of supplying the house with heat energy as
compared to coal (30.5% more) or natural gas (22% more) (Table 3).

Table 3. Energy generation costs for domestic water and central heating systems for homes built using
alternative technologies and using different energy sources scenarios in PLN and euro.

. Traditional Traditional Traditional Energy Saving Energy-Neutral
Heating House
Purpose House House House (Natural Gas + House
(Coal) (Natural Gas) (Wood Pellet) (Heat Pump + PV)
Solar Panels)
D"mseysst;;:ater 440471029 3779/883 @ 5118/1196 3779/883 148/34
Centsr;slt}e‘re;tmg 4007/936 5217 /1219 5860/1369 864/198 766/179

Note: The exchange rate on 15 November 2020 was 1 euro = 4.2807 PLN [59]. 2 Price of 1 kWh generated from
natural gas is 0.25 PLN as listed by Viessman. P Price of 1 kWh from electricity is 0.65 based on [16].

The annual costs of heating energy are substantially less in the case of the energy-efficient house.
Those costs are 44.8% less than the coal-using traditional house, the least expensive scenario (Table 3).
In the case of an energy-neutral house the energy costs of heating space and domestic water amount to
only 879 PLN (205 EUR), or 10.5% of the cost of heating the single-family traditional house with coal.
The calculations in the current study disregard the possible costs of routine maintenance.

The heating energy needs vary dramatically for various types of houses (Appendix B,
Tables Al and A2). A traditionally built house that uses a coal-fired boiler is estimated to require
31,909 kWh heating energy per year. By switching to the use of natural gas as the energy source,
the requirements drop by 37.6%. An energy efficient house that is equipped with a RE installation
requires 83.4% less heating energy then the coal-heated house. Those needs drop by 86% in the case of
an energy neutral house (Table A1). The cost of the annual needs of heating energy depend on prices
suggesting that heating with coal is (15.6%) less expensive than using the environmentally friendly
natural gas coal has been traditionally a secure and affordable energy in Poland [61]. The calculations
do not account for the convenience associated with the use of natural gas and assume that the pipped
gas is available at rural locations. The energy savings are slightly larger when the traditional house
is heated with natural gas, but since that option is available only to a fraction of rural homes such
comparison is less realistic.

The boiler heating water requires an electric pump to force water circulation. The traditional
house with a coal-fired boiler necessitates 334 kWh annually of auxiliary electricity supply, 8% less
than when using natural gas (Table 1). Under the considered construction scenarios, the corresponding
costs of energy production drop from 4404 PLN (1029 EUR) in a traditional house that depends on coal
to 766 PLN (179 EUR) for the energy efficient and energy neutral houses, or 86.4% less.
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4.5. Changes in CO, Emission

The sustainability principle is well served by the reduction in emissions stemming from the use of
modern construction technology and heating energy source. The traditional coal heated house emits
about 165% times more CO, than a similar house heated with natural gas (Table 4). The traditional
coal-using house considered in this study already includes energy-efficiency supporting upgrades such
as insulated windows, doors, external wall insulation and an insulated roof. However, among more
than three million single-family houses in rural areas, many still have not completed such upgrades,
while using the inefficient coal-burning boilers.

Table 4. Annual emissions for single-family rural house construction scenarios.

Construction COZ SOZ N02 PM2,5 PM10
Technology kg/m?/year kg/year kg/year kg/year kg/year
Traditional house 199 23.8 20.4 6.7 7.6
(coal)

Traditional house

75 15.1 6.4 6.5 8.3
(natural gas)

Traditional house

a a
(wood pellet) 0.8 0 0 1.9 2.1

Energy-saving house
(natural gas and 25 10.5 5.25 47 6.3
passive solar panels)

Energy-neutral house
(geothermal heat 5 0 0 0 0
pump and PV panels)

2 g/kg of burned wood pellet.

Switching to a wood pellet boiler nearly eliminates CO, emissions because the burning recycles
the gas already absorbed by wood from the atmosphere [62]. The only emissions associated with the
use of wood pellet boiler is the electricity needed to operate it causing that heating RE energy option to
emit 0.8 kg/m?/year.

A house built with energy-efficiency in mind and enabled to use RE in the form of thermal solar
panels generates 87.5% less CO, than a traditional house heated with coal (Table 4). The energy neutral
house releases 3.5% of CO, volume emitted by a traditional house heating with coal but more than a
house equipped with a wood pellet boiler (Table 4).

4.6. Changes in Toxic GHG and Particulate Emissions

Rural houses in Poland that use the inefficient coal furnaces or boilers are a source of emissions
including SO,, NO, PM; 5, and PM;g. The health effects of those emissions are wide in scope and well
established. For example, rural children exposed to GHG and particulate matter (PM) have higher
risk of developing Type 1 diabetes [63]. The energy neutral house does not emit any toxic gases to its
immediate neighborhood. The amount and composition of emissions associated with that type of a
house depend on the energy source used to supply the house with electricity. However, the energy
efficient house or a traditional house heated with natural gas generates gases other than CO,.

Of particular interest to rural homeowners is the use of biomass in the form of wood pellet.
Compared to coal, a kilogram of wood pellet emits 22.5% less NO, [64]. Finally, wood pellet emits 96%
less particulate matter than coal. The actual differences in GHG emission reduction depend on the
energy-efficiency of the specific model of the boiler. The use of natural gas, infrequent in rural areas,
also substantially reduces GHG emissions. Heating with the gas condensing natural gas boiler emits
0.001% of SO, as compared to a coal-fired boiler and virtually no particulate matter [65].



Energies 2020, 13, 6637 12 of 18

5. Discussion

The desire to own a family home will drive Poland’s potential homeowners to build their new
house, primarily in rural areas due to space availability. The calculated building costs (Table 1) must be
considered in the context of the household ability to finance the construction. The cost difference between
the single-family home built using the conventional technological solutions and the energy-neutral
house is much larger than similar differences reported in studies in other countries. For example,
the cost difference between the standard house built in accordance with Belgian regulations and a
low-energy house (roughly comparable to the energy-efficient house considered here) was 4% and a
passive (energy neutral) house 16%, respectively [66], while the difference between a standard and
a passive house amounted to 10% in Germany [67]. Both studies suggest a considerably smaller
relative differences between a conventional house and its energy-efficient alternatives established in
the scenarios considered in the current study.

Mortgage financing has a bad reputation in Poland since the financial crisis of 2009-2010 because
although the continuing GDP growth contrasted with the global malaise, many families suffered [68].
Prior to the financial crisis, banks offered mortgages priced in Swiss francs. The Swiss franc rapidly
appreciated during the crisis and dramatically increased the mortgage debt servicing. The repercussions
of that phenomenon are still felt today. Such recent memories combined with the shock in the ongoing
COVID-19 pandemic and the induced economic slowdown affect households’ attitudes discouraging
the long-term credit-financed investment.

A number of future homeowners may not qualify for mortgage financing given the average
income in rural households in general. Regional income disparities also persist. The lack of access to
mortgage financing suggests the already observed prolonged construction because a rural households
and their owners is likely to accumulate savings and then use them to finance the construction in stages.
For example, the first stage will be limited to the unfinished house without the external wall insulation,
windows and door. The last stage could involve the central heating system installation. An extended
construction potentially delays the occurrence of gains to the household and the environment.

The large initial investment in the energy neutral house is expected to eliminate the cost of energy
purchase to heat space and water. Those costs account of the about 60-70% of the cost of total energy
purchase by an average household in Poland. The share is much larger than in many other EU countries
or in the United States. An earlier study showed that the motive to save on the monthly energy bill
was a major motive in the rural household investment in the thermal solar panels [8]. However, the
rural homeowners mentioned the cost of RE utilizing equipment as a constrained and viewed the
subsidy as important.

The currently operating furnace replacement program offers subsidies for qualifying households
if they choose to replace their old furnace or boiler. The subsidy is matched to per capita income
in the household and is proportionally larger for those with least income. The program aims at the
improvement of energy-efficiency by households and includes, besides furnace replacement, subsidies
to window and door replacement as well as external wall and roof insulation. The program also offers
low interest loans for those who do not qualify for a grant. The program is more attractive to retrofitting
an existing single-family home and less to future homeowners.

The comparison of the three construction technologies and the use of various insulating materials
provides important knowledge to consider by future homeowners, but also by the owners of the existing
rural family homes. Splitting the various construction stages (Table 1) demonstrates the costs associated
with the use of alternative insulation. A retrofit of an existing house could involve specific projects.
Among the largest is the resignation from a fossil-fuel based space and water heating system and its
replacement by the RE-based installation such as wood pellet furnace. A retrofit generates potentially
substantial savings to the household and the largest environmental benefits. The reduction of CO,
emission contributes to the national and EU climate policy and represents a direct contribution from
households. The energy neutral house eliminates the emissions of NO,, SO, and particulate matter
comparison to the coal-heated single-family dwelling. The obtained energy savings, environmental
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benefits, and economic gains support the conclusion that the thermo-modernization of a single-family
rural residence and the modernization of the heating source bring direct economic gains to a household,
indirect benefits in the local air quality improvement, and long term benefits in health benefits and
environmental quality.

Limitations of the Study

The building model considered in this study assumes a simple floor plan and is limited in size.
Many newly constructed houses are larger and there is a great variety of floor plans. Variation in the
age, construction technology, and floor plans pose a challenge for thermal modernization of existing
rural family homes. Although some parts of the house may be thermally insulated-for example the
roof - other parts, like the internal partitions, would have to be rebuilt creating a domino effect forcing
the renovation of several areas of the house. Improving the thermal insulation between various floors
excludes portions of the house from use for the duration of the project. As a result, the thermal
insulation project for an older house may cost more than a similar project for a new house.

The analyzed construction costs use the price lists reflect the asking price of local suppliers.
Ultimately, prices of all building materials and heating systems may be both negotiable and
region-specific. Consequently, the actual construction costs are likely to deviate somewhat from
those considered here. Another source of price variation are changes in price level, which may have
been affected by the ongoing pandemic and altered market conditions.

Another source of limitations is the use of energy prices from the publicly available sources and
for a particular time period. Those prices will change over time and some, for example wood pellet
or coal prices, will vary with respect to fuel quality which is ultimately decided by the homeowner.
Homeowner choices of the heating energy type will influence the volume of GHG emissions, but will
not reverse the general trend in emission reduction due to the shift away from using coal.

The current study did not account for the cost of the parcel, which is likely to be highly variable
across rural areas in the country. A closer examination of household incomes and construction costs
will enable the forecasting of new house construction, and potentially, regional economic growth and
real estate market development. Earlier studies linked the energy performance of dwellings with
market valuation [69,70] once the suitable data became available. Also, the scenarios presented in the
current paper can be supplemented by financial analyses, which can account for regional household
income variation and different types of mortgage loans. Finally, as new construction technology and
heating systems become available, a future study will be necessary to update the data on energy
savings and environmental benefits.

6. Conclusions

Improved energy-efficiency of single-family homes in Poland is required by the new building
regulations, while the retrofitting of the existing detached houses in supported by government programs
aiming at enhancing air quality as well as energy and climate policies. The energy demand reduction
and environmental benefits occur primarily in rural areas because the detached houses dominate the
rural landscape. Results from this study show that switching away from coal, still the primary energy
sources in rural areas, required by new construction regulations leads to a substantial increase in
construction costs of the shell of a house and even larger costs in installing the RE utilizing equipment
to heat space and domestic water. The costs increase for a model single-family home considered here
far exceed the previous estimates for other EU countries. The increased costs may deny the opportunity
of residing in own home to many rural households due to debt servicing. However, retrofitting an
existing house improving its energy-efficiency also generates substantial savings to households on
their energy bill. Retrofitting split into smaller projects, as permitted by household savings, is realistic
and likely to continue in rural areas.

The use of RE is required in all new detached housing, but encouraged in the existing single-family
homes by the subsidy programs. The scenarios considered in this study used wood pellet, solar radiation
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and geothermal energy. For rural households, the RE in the form of wood pellet may be more appealing
because it can reliably heat the house, while being locally accessible. The intensity of solar radiation
is inversely related to the heating energy needs of households in Poland determined by climate.
The regional variations in climate will have to be considered by households investing in a new home
since the winter temperatures can substantially vary. Regional considerations are often ignored in the
“one-size-fits-all” regulations, and are verified by the actual site-specific conditions.

The environmental sustainability is well served by the new construction regulations and the
scenarios considered in this study. Gains in reduction of CO, are impressive once a household uses any
amount of RE in comparison to a traditional rural house the uses coal. Retrofitting the existing house
with the wood pellet burning boiler nearly eliminates CO, and SO, emissions, while substantially
lowers other noxious gases and particulate matter. The effects are instantaneous in improving local air
quality, while the broader effects benefit the implementation of the decarbonization efforts and help
achieve goals of the climate policy.
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Appendix A

Construction materials used in the various scenarios were selected by the architectural design firm
Archiko, Kornelia Lisowska-Siudek, Manager, and the labor costs were estimated by the construction
company collaborating with the design firm. Construction cost estimates were also based on the
estimations developed by the company, “Dobredomy”.

Appendix B

Table Al. Annual heating energy needs, energy production costs, auxiliary electricity needs and total
costs for a rural detached residence central heating system.

Traditional Traditional Energy-Saving

Traditional Energy-Neutral

Cost Units House House House House House
Category (Natural (Wood (Natural Gas +
(Coal) Gas) Pellet) Solar Panels) (Heat Pump + PV)
Heating kWh/year 31,909 19,923 27,350 5300 4481
energy
Price per
kWh from a PLN 0.13 025 021 0.12 012
given heat
source
Energy
production PLN 4148 4981 5744 636 538
costs
Auxiliary
electrical KWh/year 334 363 179 351 351
power
supply
Price per
KWh a PLN 0.65 0.65 0.65 0.65 0.65
Energy
production PLN 255 234 116 228 228
costs
Total costs PLN/EUR 4404/1039 5217/1219 5860/1369 864/202 766/179

Source: Based prices listed by [71] and data from [16]. ® Price from [16].
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Table A2. Energy generation costs for the domestic water heating system.

Cost Traditional Traditional Traditional Enerev-Savin Enerev-Neutral
Catego Units House House House I—glzl)usev 8 H%}:lse
8oty (Coal) (Natural Gas) (Wood Pellet)
Heat kWh/year 29,39 14,409 23,706 14,409 41055
demand
Price 1kWh
from a given PLN 0.13 0.25 0.21 0.25 0
heat source
Cost of
Energy PLN 3821 3602 4978 3602 0
production
Auxiliary
electrical KWh/year 169 272 215 272 247
power
supply
Price for 1
kWh of PLN 0.65 0.65 0.65 0.65 0.65
(GUS, 2016)
Energy
production PLN 110 177 140 177 161
costs
Total costs PLN/EUR 4007/936 3779/883 5118/1196 3779/883 148/34
Source: Calculations based on company price list [71], and data from [16].
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