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Abstract. An actual problem is reducing the cost of engineering systems maintenance of buildings 
and constructions. These costs include transportation of energy resources from source to consumer, 
complexity of the heating systems, caused by a large amount of equipment, and as a consequence, the 
presence of excessive heat losses. One solution is construction of buildings that meet modern energy 
efficiency requirements.  

A set of parameters that contribute to the implementation of the "Passive House" concept was 
considered, including the use of geothermal heat pumps for the heating system as an alternative 
production of thermal energy. The main characteristics of the heat pump were established. It was 
revealed that the cost of heating and air conditioning will not exceed the maximum. The economic 
efficiency of the chosen technical solution was considered. This research has the prospect of further 
development. 

Аннотация. Актуальной проблемой является снижение затрат на обслуживание 
инженерных систем зданий и сооружений. К таким затратам относят транспортировку 
энергоресурсов от источника к потребителю, сложность систем теплоснабжения, обусловленная 
большим количеством оборудования, и как следствие, наличие излишних тепловых потерь. Одним 
из решений является строительство зданий, соответствующих современным требованиям 
энергоэффективности. 

Был рассмотрен комплекс параметров, которые способствуют реализации концепции 
«Пассивный дом». В том числе применение геотермальных тепловых насосов в качестве 
альтернативного производства тепловой энергии для системы теплоснабжения. Установлены 
основные характеристики для теплового насоса. Выявлено, что затраты на отопление и 
кондиционирование не будут превышать установленный максимум. Рассмотрена экономическая 
эффективность выбранного технического решения. Данное исследование имеет перспективу 
дальнейшего развития. 

Introduction 
Implementation of energy efficiency measures can significantly reduce the amount of energy 

consumption and the cost of payment for utility services. Energy saving effect is achieved through the 
sum of architectural, construction and engineering solutions aimed at energy savings [1–6]. 

At the stage of architectural, constructive and engineering design energy efficiency is achieved by: 
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• reduction of the outer shell specific area per unit volume is achieved by the most compact 
space layout; 

• targeted selection of the object shape and orientation in view of the energy field properties of 
renewable sources; 

• increase of external cladding thermal properties through the use of efficient thermal insulation 
materials; 

• capacity control of combined extract-and-input systems in accordance with the required air 
exchange in the attended rooms and as a consequence avoiding of heat overspending in 
ventilation systems heaters; 

• installation of the system of automatic electronic control of the internal building temperature; 

• the use of alternative sources of energy for building heat supply. 
An indicator of energy efficiency of the object is the number of heat energy consumption per 

square meter (kW·h/m²) during the year or the heating season [3, 11, 12]. On average, it amounts to 70–
140 kW·h/m² for buildings constructed after 2015 [7]. Passive House is a building, where this indicator 
does not exceed 15 kW·h/m² [8, 9]. This criterion is achieved through intelligent design and 
implementation of the 5 Passive House principles: proper shape of the building, thermal bridge free 
design, good insulation of the building outer shell, combined extract-and-input ventilation system with 
heat recovery, alternative energy sources. Buildings complying with the Passive House standard [8] are 
rapidly spreading across Germany, Austria and Switzerland. In Germany, the current growth rate of 
buildings complying with the Passive House standard amounts to 100 %, and in January 2004, more than 
4000 dwelling units (equivalent to about 100 m2 each) had been built. 

To significantly reduce the ever-increasing demand for energy, it is necessary to use different 
approaches that limit its consumption. It is necessary to reduce heat losses, as well as to organize a 
more economical method of producing energy, for example, from renewable energy sources. Only a 
combination of several solutions can give a rational economy. 

The aim of this study is to determine the possibility of applying heat pumps in the design of Passive 
House in the given climatic and geographical conditions. 

To achieve this goal, it is necessary to solve the following objectives: 

1. Determine the optimal location in the space of a given geographical position. 

2. Develop architectural planning and design solutions. 

3. Propose technical solutions to reduce energy consumption. 

4. Perform a feasibility study of the selected technical solutions. 

Methods 
The object of the research is a two-story 7-apartment townhouse for year-round use. The projected 

building is located in the Vyborg district of the Leningrad region, on the shore of Glubokoye Lake. The 
terrain of the area is particularly distinguished by the presence of hilly and granite rocks in the ground. 
The advantage of the chosen type of structure is a decrease in the number of external walls and vertical 
distribution of rooms, thereby area of the roof is reduced. 

Calculate the compactness coefficient: 

 

(1) 

where  – sum of the building envelope areas, m2; 

VH – heated volume of the building, m3. 

In this case, the compactness coefficient is 0.61, which corresponds to the norm for the two-storey 
slab blocks [10]. 

Orientation of the glazed facade is directed to the southwest party that will favorably influence 
natural lighting and inflow of heat from solar radiation [3, 4]. 

As in most European countries with high requirements to the level of thermal protection of building 
envelopes, it is planned to apply frame technology in the projected building. To meet requirements 
imposed on Passive House it is necessary to choose the optimum thickness of insulation. Through the 
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use of the most effective insulation thickness of the walls of frame buildings is the lowest in comparison 
with similar (wood and stone) [11]. In this case to use the product from innovative heat-insulating material 
is offered – cellulose wool, the thermal conductivity is equal to 0.04 W/m·K.  

Installation of an Air Handling Unit with recuperation will help to achieve comfortable microclimate. 
This system purifies and humidifies air, which is essential in the city conditions [8, 18].  

For Heat Losses calculation through enclosure it’s very convenient to use the value inverse to the 
reduced total thermal resistance, which in International Standards is called heat-transfer coefficient or U-
value.  

It is convenience is encompassed in its dimension: W/m2·ºС. 

The value given shows which amount of heat energy goes through enclosure with the area 1 m2 
under the internal and external temperature difference of 1 ºС from both the sides of enclosure. For heat 
calculation amount (kW·h) going through 1 m2 of an external wall, U-value must be multiplied by the 
amount of heating period hours and middle temperature difference of a heating period. This data is 
defined for every climatic region in standard [12]. Finally, we get summary heat energy losses through 
1 m2 of exterior wall with the value of heat-transfer coefficient equal to U = 0.4 W/m2·ºС: 

 

(2) 

where tin – inner temperature of air in a room, taken according to standard [13] equal to 20 ºС; 

th – middle temperature of outer air for a heating period, taken for climate conditions of the 
Leningrad Region according to standard [12] equal to minus 2.9 ºС; 

zh – the amount of days in a heating period, taken for Civil Engineering, located on the territory of 
the Leningrad Region – 228 days; 

24 – the number of hours in a day; 

1000 – conversion coefficient of heat transfer capacity (from W into kW).  

Thus, using the formula (2) we can calculate average heat losses for a heating period for 1 m2, in 
kW·h. 

Let’s note that the relation  in the formula (2) means heating degree days (GSOP) 
[14]. For residential building, located on the territory of the Leningrad Region GSOP = 5221 ºС days. 
Thus, formula (2) will take a more shortened form: 

Q = 0.024·U·GSOP (3) 

Thus, we have defined the amount of heat losses Q = 50.1 kW·h/m2 = 43.1 Mcal/m2, which 
corresponds to a normal level of unit heat energy consumption on heating and ventilation systems of 2–3 
storey connected buildings constructed after 2015 for a heating period, qo,year = 75 Mcal/m2. 

Knowing useful floor area, we can calculate heat consumption of a building during a year: 
Q = 50123.5 kW·h = 43098.5 Mcal. 

According to the II law of thermostatics, transmition of heat capacity in a pump is offset by the work 
of compressor (Michaelson scheme). For the work of heat pump having cooling source with the 
thermostat (with the constant temperature) is essential [16–24].  

In rock soils (with the coefficient λ = 1…3 W/(m·К)) where the object of our research is located, the 
adiabatic conditions are executed and the thermal regulation of layers is held. In other words, for getting 
necessary heat output in this soil deep drilling is essential that will lead to high expenses.  

Taking into account that in 20 meters zone from site development Glubokoe Lake is located, using 
pump taking heat from the outer water basin of an unlimited volume (such as lake) is more rational 
(Fig. 1). 
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Figure 1. Temperature zones difference 

 

(4) 

The excess of cooling coefficient over 1 shows that by means of relatively high q2 and low ln we 
can get maximum increment of refrigeration efficiency.  

It’s known that 1 meter of a heat pump tube located on the bottom of a lake gives 50 W of heat 
energy. Let’s calculate the parameters of a heat exchanger with account of 20 meters distance. 

Heat transmission equation has the following form:  

Q = k·Δt·ATA , (5) 

where k – heat transmission coefficient; 

Δt – temperature pressure; 

АТА – surface area of a heat exchanger. 

Calculations show that the surface of heat exchange, formed by tube sheet with the length of 
5…10 m, filled with Freon gas (saturation temperature of which is minus 50°C) might have the outer 
diameter equal to 8 mm. 

Out of economic considerations, there are two regimes of functioning: one is heat source in winter 
and another one is cold in summer. It is also used for water heating in DHW system [24–28]. So there is 
an economy in three directions: heat supply, pre-heating and air-cooling of ventilation air-conditioning 
systems, heating of water for DHW. 

Methods of calculating capital costs for additional insulation, operating costs before and after 
thermal insulation, as well as the payback period of energy-saving measures are described in detail in the 
works [29–33]. To determine the simple payback, the following basic equation was obtained: 

 (6) 

where ΔC – capital expenditures, rub.; 

ΔE – economic effect achieved as a result of energy saving measures, rub./year: 

 
(7) 

where ст – the rate for the calculation of the amount of payment for utility services with VAT in St. 
Petersburg for 2016 according to the data of the St. Petersburg Administration official website [34], 
rub./Gcal. 

Capital costs for the heat pump installation (taking into account the energy consumed by the heat 
pump) amount to 4 696 380 rub. 
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The economic effect amount to 126 663 rub. per year. 

Heat tariffs increase annually. This means that the annual cost savings will increase with each 
subsequent year (heating period). 

Taking into account the above-mentioned factors, the projected payback period of investment in 
additional facades insulation is determined by a logarithmic equation [19–24]: 

𝑇 =
𝑙𝑛[1+

ΔC

Δ𝐸
∙
(𝑟−𝑖)

(1+𝑖)
]

𝑙𝑛 [
1+𝑟

1+𝑖
]

 , (8) 

where r – coefficient characterizing the average annual growth of thermal energy tariffs; 

i – coefficient of future cash flows discounted at the key rate of the Central Bank of the Russian 
Federation. 

Equation (8) allows to calculate the payback period (T) of energy-saving measures, taking into 
account the total capital expenditure for its implementation (ΔC), the rising cost of tariffs for thermal 
energy (r), discounting future cash flows (i), achieved by cost-cutting as a result of the implementation of 
energy-saving measures.  

It should be noted that several time-dependent parameters includes in the equation (8): the 
dynamics of tariff raising for thermal energy (r) and interest rate (i), by which discounted future cash flows 
is estimated, accumulated as a result of the introduction of energy-saving measures. At the present time 
it is impossible to clearly know how these variable parameters will change over time in the future. 
Therefore, to solve the problem of estimating the projected payback period of investment in energy 
efficiency magnitude r was adopted of the average over the last 5 years – 16 %, and the value i – as of 
2016 – 11 %.  

In this case the payback period of investment will amount to 23 years. 

Results and Discussion  
The result of the research is the Passive House project. The following architectural, construction 

and engineering solutions aimed at energy savings were given: 

 vertical distribution of internal rooms and reduction of the roof area. Compactness coefficient is 
0.61; 

 orientation of the glazed facade to the southwest, in accordance with the solar insolation; 

 application of innovative thermal insulation material Cellulose Fibre as insulation of the building 
envelope; 

 installation of the combined extract-and-input system with heat recovery; 

 installation of the geothermal heat pump with two modes of operation: the source of cold in the 
winter and heat in the summer. 

Energy-saving effect can be achieved only when all of these technical solutions are used together. 

Numerous studies [1–11, 16–33] carried out in different countries of the world showed the prospect 
of development in the energy efficiency industry. Broad experience was gained in performing parametric 
evaluations and successfully developing appropriate passive solutions for different climates. The leading 
authority in the field is the Darmstadt Passivhaus Institut founded in 1996 as an independent research 
institution employing physicists, mathematicians and civil, mechanical and environmental engineers. 
Another important research center is at Fraunhofer Institute for Solar Energy in Freiburg. 

Conclusions 
In this paper, we give details about a project devoted to investigate in what extend renewable 

energy is useful for energy supply (i.e. heating, cooling and domestic hot water) in terms of technical 
feasibility and in terms of thermal comfort of passive houses.  

A two-story 7-apartment townhouse was accepted for Passive House project. A simple ideal model 
is adopted for the subsoil heat exchanger. Based on the foregoing, it can be argued that the aim to 
determine the possibility of using geothermal heat pump in the Passive House has been achieved. Our 
results show that Pirmasens Passive House heating is necessary during November–March, with January 
requiring the highest level of heating. The yearly relative total thermal load is 10.2 kWh/m2, which is 
below the limit of 15 kWh/m2 allowed by passive house requirements. The conducted feasibility study 
showed that the payback period is less than 23 years old. 
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