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The article considers the energy efficiency of the combination of two most common heat sources for heat
pumps, namely soil and ambient air. A feature of such a system is the connection of air and ground heat pumps in
series with water. A computational model of the proposed system is developed, based on the system of equations
for heat and material balances of the system. The result of the analysis was a system of equations, the analysis of
which made it possible to study the two main characteristics of energy efficiency, namely, the relative heat load of
the ground heat exchanger and the specific total costs of external work for the drive of the system, depending on
the depth of utilization of the heat of ventilation emissions. It is shown that a positive effect from the use of a
heating and ventilation system with two heat pumps, both in terms of energy and investments, can be achieved
with the utilization depth of ventilation emissions corresponding to the condition of equality of the conversion
factors for air and ground heat pumps.
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Introduction

According to the statistics of the International Energy Agency (IEA), in 2019, residential and
commercial buildings accounted for 49% of the total final consumption (TFC) of global electricity and 15%
of the TFC of fossil fuels [1]. Heating, ventilation and air conditioning (HVAC) systems account for a
significant share of total energy consumption in residential and public buildings [2]. Consequently, energy
savings in HVAC systems play an important role in improving the overall energy savings of a building.
Significant success in solving these problems has been achieved in European countries [3], in the USA [4], in
Japan [5], in China [6] and in other regions of the world through the use of heat pump technologies with high
energy efficiency in HVAC systems.

At the same time, a number of problems with the use of existing heat pump technologies are determined
by the conditions of their application and require their solution. To provide year-round heat supply to
buildings, air HP is the most popular type among others [8, 9]. However, it cannot be used in areas with cold
winters due to the risk of freezing of the evaporator. When air heaters are used in winter, low ambient
temperatures cause a drop in the evaporation temperature, which leads to a catastrophic decrease in
efficiency, a drop in condensation temperature or even a system shutdown [10]. In other cases, when air-to-
water heat transformers can operate in winter to heat a building, their COP (coefficient of performance) is
usually much lower than that of ground-water heat transformers, due to the higher temperature of the heat
source - the ground [7].

Therefore, it can be concluded that the use of atmospheric air as a lower source of heat in heat pump
heating of buildings is ineffective in latitudes with cold winters [11]. The temperature level of the outside air
does not allow achieving the required effect from the use of a heat pump. The authors [12-14] considered
various combinations of low-grade heat sources with both air and ground heat pumps, their efficiency and
productivity were shown. However, there was a problem of low productivity of a single HPU to provide heat
supply for ventilation and air conditioning systems in public buildings with a large volume. For such
purposes, it is necessary to choose a heat carrier with a higher temperature potential, but at the same time, it
is also easily accessible. This source is the exhaust air from ventilation systems. It should be noted that the
use of ventilation emissions as a source of heat has a number of advantages, namely: high and constant
temperature potential, reliability, cyclicity of the heat recovery system (the heat spent on heating the supply
air is reused) [15]. However, when using an air-to-water heat pump operating on ventilation emissions at
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facilities where the consumption of thermal energy by the heating system significantly exceeds that in the
ventilation system, the capacity of such a HPU to provide both heating and ventilation may not be enough
[16]. This problem can be solved with the help of cascade use of heat pumps with air and ground source of
heat. The peculiarity of the proposed solution lies in the use of a series connection by water of condensers of
air and ground HP. The use of such a solution at the design stage of the heating and ventilation system will
allow balancing the advantages and disadvantages of the two most used types of HP and will create
conditions for a more efficient use of heat pump technologies in general.

1. Description of the scheme and problem statement

A schematic diagram of the above-described solution for heat supply of heating and ventilation systems
of a building using two series-connected heat pumps (air and ground) is shown in Fig. 1. The main specific
characteristic of the presented scheme is the use of air and ground HP connected in series along the water
circuit. Analyzing the scheme, you can see that the ventilation emissions with a temperature #, (temperature
inside) are injected into the evaporator of the air HP, where it gives off heat to the freon, evaporating it and
thereby cooling to the temperature f.,. Next, the coolant is heated in the condenser from the # (return water)
to the ¢, (intermediate). The coolant is heated to the required design temperature ¢, by means of ground HP.
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Fig.1. Schematic diagram of a cascade connection of air and ground heat pumps to provide heating and ventilation
of the facility: HP, , —ground and air heat pumps; C,;1, — condensers of ground and air heat pumps;
E.ip1, Eup2 — evaporators of ground and air heat pumps; C,, C,— compressors of ground and air heat pumps;
H-heater of fresh air; P — pump of ground heat pump.

The main objective of the development of this combined solution is the pursuit of waste-free heat
production, maximum energy efficiency of the system, as well as minimization of capital costs for the
construction of the system. The qualitative and quantitative indicators of these values were determined based
on thermodynamic analysis.

2. Efficiency analysis of the considered system

A feature of this scheme is the sequential use of two lower heat sources (heat of ventilation emissions
and heat of the ground), which, together with the energy of the compressor drives, must be provided by the
heating and ventilation system of the facility. The task is to optimize the use of each of these sources of
increasing the system efficiency as a whole. At the same time, an increase in the efficiency of the system
implies a decrease in both the energy costs for driving heat pumps and a decrease in the share of the heat
load covered by the use of soil heat, which is associated with a decrease in capital costs for the construction
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of a ground heat exchanger. It is most convenient to change the proportion of use of individual heat sources
by changing the depth of use of the heat of ventilation emissions, setting different levels of air temperature #.,
after the evaporator of the air HP. Then, assuming the given temperature f.,, the part of the total heat
consumption for heating and ventilation can be determined from the heat balance equation of the entire
circuit, which has the form

G.Ct, +Qghe +L,+L,=0,+G,Ct,. (1

v v'ev

Introducing into consideration (for the sake of convenience) the base air temperature #, inside the room,
equation (1) can be written as

GVCV (tin - Z‘e:v) - GVCV (tin - tO) + Qghe + Lcl + LcZ = Qh (2)
Taking into account the balance ratios for the quantities L, L, 1 Oy,
ol — QEVI (3)
¢, -1
9
Q= 4)
9, -1
Qghe = O 6]
where @, and @, - coefficient of performance (COP) of air and ground HP, equation (2) takes form
¢ ¢
Opvs -+ Qghe = 0, +0,. (6)
»-1 ¢, -1
The sum of heat consumption for heating and ventilation is conveniently represented in the form
1 m+1
O, +0,=0,(+—)=0, —, )
m m

where m=Q, / O, - the ratio of the heat consumption for ventilation to the heat consumption for heating.
Then, taking into account (7), equation (6) can be written in the form

Orvr P ( m )+ Oore @, -1
0, ¢o,-1 m+1" O, +0, o¢,-1

whence the expression for the part of heat of the ground heat exchanger in the total heat consumption for
heating and ventilation follows

®)

Qghe —|1= lin — tev P, m D -1 ] 9)
O, +0, =l @;-1m+1] @
COP ¢, and ¢, can be represented in the form of ratios:
~ 1
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where 1;p- heat pump loss factor; (piH (pi2 - theoretical COP of ground and air HP; 7 - outlet water

temperature; f, - intermediate water temperature; > and ¢, - evaporator outlet water temperature, air and

ground HP, respectively.
Water temperature between two HP condensers 7, can be determined from the heat balance of the
ground HP

O,+L =0.. (12)
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Taking into account expressions (3), (5) and the expression for the heat flow in the condenser of the
ground heat pump

QC :Gwcw(tc_tg)7 (13)
equation (12) can be written as
Opne % =G,c,(t,~1,), (14)
1

where the water equivalent Gyc,, can be determined from the heat balance of the upper circuit and has the
form

m+1
G,c, =&— . (15)
t.—t. m
Taking into account equation (15), equation (14) takes the form
Qghe ¢ (t, _tg) m+1

O, 0-1 (t.-t) m
Determining from (7) and (9) the ratio QOg/Q, and substituting it into (16), we obtain an equation for
the intermediate water temperature between air and ground HP

t. —t
tg =tc _(tc_tr) in ev (PZ m (17)
t,—ty ¢,—1m+1

n

(16)

Along with equation (9) for determining the relative power of the ground heat exchanger, an important
characteristic of the system efficiency is the specific total consumption of external energy for HP drives
L,+L
—_cl T2

Ly = .
Qh + Qv
Taking into account the above relations (3) - (5), as well as (7) and (9), the equation for determining the
specific total costs of external energy can be represented in the form

Zh+v=i_(tin_tw) ! e (&—1]. (19)
¢, (t,—1) ¢,-1m+1\ o,

(18)

3. Discussion of results

To implement the numerical solution of the compiled mathematical model of the system under
consideration, the following initial data were taken. A low-temperature heat supply system with a
temperature schedule of 40/30 was accepted for analysis, taking into account changes in the temperature of
the coolant in the supply and return pipelines according to the recommendations [17]. The calculated

temperature of the atmospheric air was taken at the level #; =—20°C, and the air temperature in the heat

supply facility was £ =20° C. The values of the characteristic temperatures of the coolant in the lower

circuit of the ground HP were taken taking into account the measurement data in [18, 19], and the
temperature difference in the evaporator, taking into account the maintenance of the optimal value in
accordance with the analysis in [7]. The ratio of heat consumption for ventilation and heating was taken in
the range m = 0.5 ... 4.0 and covers working conditions from individual residential buildings to large
shopping centers. The above mathematical model was solved numerically by preliminary determination of

the intermediate water temperature ty according to equation (17) taking into account equations (10), (11) by

the method of successive approximations. At the first stage, the determination of the rational depth of use of
each of the two lower sources of heat (ventilation emissions and soil) is carried out on the basis of
minimizing the specific costs of external energy for the drive of the system by changing the depth of use of
the heat of ventilation emissions, setting different levels of air temperature ¢, after the evaporator of air heat
pump. The calculation results are shown in Fig. 2 in the form of the dependence of the specific energy
consumption on the air temperature after the evaporator of the air HP. It can be seen that for all parameters
there is an optimal value of the air temperature #,, at which a minimum of total energy consumption is



Energy. 61

provided. This is determined by the different nature of the dependence of the COP of the ground and air HP
on the temperature ¢, and their different contribution to ensuring the total heat consumption.
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Fig.2. Dependence of the specific consumption of external energy on the temperature at the outlet of the
evaporator of the air HP: a-c — temperature #,=-20; 0; 15 °C respectively; 1-4 — m=0,5; 1; 2; 4 respectively.
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In fig. 3 shows the dependence of the detected optimal values of the air temperature 7, on the
temperature of the atmospheric air and the parameter m. It can be seen that the optimal values of the
temperature ¢, increase with an increase in both the outside air temperature and the parameter m. At the same
time, attention is drawn to the high level of temperatures of the air discharged into the atmosphere, that is,
the low depth of use of the heat of the exhaust ventilation air [20]. As a result, the total heat load on the
system is covered mainly by the operation of the ground heat exchanger, which is associated with an increase
in the productivity of the ground heat exchanger and, as a consequence, the capital costs of its construction.
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Fig.3. Dependence of the optimum air temperature at the outlet from the evaporator of the air HP on the outside
air temperature: 1- 4 —m = 0.5; 1; 2; 4 respectively.

In this regard, it becomes expedient to consider other options (levels) of the heat load of the air HP or
the depth of use of the heat of ventilation emissions [21]. Such an option can be the heat load of the air HP,
selected from the condition of the same efficiency of operation of both heat pumps, that is, from the
condition of equality of their COP. For this purpose, the corresponding COPs of two HP are shown in Fig. 4
depending on the temperature ¢, at different values of the parameter m and the outside air temperature. As
seen from Fig. 4, the points of intersection of individual curves for the air HP and the dashed line for the
ground HP correspond to different values of the air temperature at the outlet from the evaporator of the air
HP, which satisfies the condition of equality of COP for both HP [22]. The dependence of these temperatures
on the outside air temperature and parameter m is shown in Fig. 5. The data in Fig. 5 indicate that the level of
air temperatures at the outlet of the evaporator of the air HP under this condition is significantly lower than
in Fig. 3 under the previously considered condition of the minimum total external work.
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Fig. 4. Dependence of the transformation ratio on the air temperature at the outlet of the evaporator of the air HP:
a-c — 1=-20; 0; 15 °C respectively; 1 — ¢; 2-5 — @, at m=0.5; 1; 2; 4 respectively.
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Fig. 5. Dependence of the air temperature at the outlet from the evaporator of the air HP on the outside
temperature (COP equality condition): 1-4 — m=0.5; 1; 2; 4.

This indicates a greater load of the air HP and a lower thermal load of the ground HP, and,
consequently, the lower required performance of the ground heat exchanger and the corresponding capital
costs for its installation. Fig. 6 shows the dependence of the relative heat load of the ground heat exchanger
on the outside air temperature and parameter m under three comparison conditions (minimum external work,
equal COP and complete heat recovery from the exhaust ventilation air).
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Fig. 6. Dependence of load part of the ground heat exchanger in the total heat flow for heating and ventilation on

the outside air temperature: a) condition for minimum unit energy consumption; b) COP equality condition;
¢) t.—= tycondition, where 1-4 —m = 0.5; 1; 2; 4.
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It can be seen that a relatively small decrease in temperature ¢, to the level at which the equality of COP
is observed (Fig. 6, b), significantly reduces the relative power of the ground heat exchanger. A further
decrease in the temperature ¢, to the outside air temperature (Fig. 6, c) leads to a qualitative change in the
nature of the dependences, but does not cause particularly sharp quantitative changes in the value of ggpe.

The dependence of the second important characteristic of the heat pump system - the specific
consumption of external energy for the drive of the system - is shown in Fig. 7. It can be seen that the
achievement of the COP equality condition (Fig. 7, b) has almost no effect on the amount of external work
on the system drive, which does not depend on the ratio of heat consumption for ventilation and heating.
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Fig.7. Dependence of the specific consumption of external energy for the system on the outside temperature:
a) condition for minimum unit energy consumption; b) COP equality condition;
¢) te,= tycondition, for 1-4 m=0,5; 1; 2; 4.

At the same time, a further decrease in the temperature ¢, to the level t, leads to a sharp increase in the
specific work in the region of low outdoor temperatures. As a result, it can be concluded that the utilization
of the heat of ventilation emissions in the considered heat pump system may be advisable when the air
temperature after the evaporator of the air HP is reduced only to a level corresponding to the condition of
equality of the COP of the air and ground heat pumps.

Conclusions

1. The use of a combined heat pump system for heating and ventilation of large facilities using air and
ground heat pumps with its rational design can give a positive effect both in terms of energy and investment.

2. Rational design of a heating and ventilation system with two heat pumps can be carried out on the
basis of a joint analysis of two most important characteristics of such a system, namely, the relative heat load
of the ground heat exchanger and the specific total costs of external work on the system drive, depending on
the depth of use of the heat of the ventilation emissions.

The analysis showed that a positive both energy and investment effect can be achieved at the depth of
utilization of ventilation emissions, corresponding to the condition of COP equality of air and ground heat
pumps.
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