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Abstract. Modern air handling units (AHU) are increasingly finding solutions in which the main energy transformers
are an air heat pump (HP) and a heat recovery exchanger (HRE). The energy conversion modes of such devices are
constantly changing in accordance with the constant change on the state of the outdoor air (temperature, humidity).
Flexibility, being able to respond to ever-changing ambient air parameters, is an important feature of energy transfor-
mation component mode control. The overall seasonal efficiency of the air handling unit depends on this.

In this work, a thermodynamic analysis of the characteristic energy transformations of the air handling unit is performed,
linking the outdoor and ventilated indoor air and HP refrigerant states, flow rates and component loads. Such parametric
analysis with respect to the changing outdoor air temperature allowed to clearly reveal, through various indicators, the
influence of the individual components on the operating efficiency of the air handling unit. Combinations of parameters
have been obtained that enable the selection of the optimal control concept for the energy conversion mode of the
components in the air handling unit (component loads, fluids state parameters and flow rates) over a wide range of
outdoor air temperatures.

Keywords: integrated heat pump in air handling unit, performance of air handling unit, variable outdoor temperature.

Introduction

Although there is a policy in most countries to improve the energy performance of buildings, the average energy con-
sumption per person in the construction sector has not changed much since 1990 (International Energy Agency, 2017).
The progress was not so fast as to offset the increase in area (3% per year) and the growing demand for energy in
buildings where the main users are HVAC systems. They consume half of the energy consumed in the EU (European
Commission, 2016).

Heat consumption in new buildings is significantly reduced thanks to the introduction of measures to reduce heat
transfer in accordance with the EPBD (Directive on the energy performance of buildings) (European Parliament and
of the Council, 2010). That is why ventilation and air conditioning are becoming the dominant energy-consuming
systems in buildings. In addition, the number of offices in Lithuania and around the world is growing, and energy
consumption is increasing here. About a quarter of energy consumption in the building sector can be attributed to office
buildings, which account for more than 70% of the final energy consumption for HVAC systems (Schlomann &
Kleeberger, 2015). HVAC systems, as well as new materials, new monitoring and automatic control technologies and
their new algorithms demonstrate a rapidly growing interest in achieving higher energy efficiency (Jouhara & Yang,
2018). Namely, HVAC systems require new intelligent technological solutions that can provide the required indoor air
quality and efficiently consume energy for this.

This requires new knowledge that opens opportunities for more efficient products that directly contribute to the
achievement of the strategic goals of the EU and Lithuania to reduce energy consumption, use renewable energy
sources and increase energy efficiency. Renewable energy, such as photovoltaic cells (PV) and wind, is usually gen-
erated in the form of electricity. In this situation, the heat pump (HP) becomes one of the potentially major energy
transformers in HVAC systems. The use of HP for building heating systems is not an innovation, but their use in
ventilation systems is less common. Recently, the situation has begun to change, and more and more manufacturers of
air handling units (AHU) (e.g., FlaktGroup, Mandik, Dantherm A/S, Komfovent, VENTS) offer AHU with built-in
(integrated) heat pumps. It should be noted that heat pump energy requirements, efficiency (coefficient of performance
COP), and management of these indicators are closely related to various problems of smart grid management (Chen
et al., 2018; Lund et al., 2015), which include such integral indicators like storage capacity, building energy flexibility,
demand responds and etc.
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One of the criteria for reducing the energy requirements of buildings during the modernization of their HVAC
systems is the seasonal effectiveness of these systems. In this case, their integral efficiency over the period used (for
example, the heating season) depends on both high nominal instantaneous efficiency factors and their ability to main-
tain them in a wide range of changes in energy demand (Panteli & Mancarella, 2015). The longest part of the season
is occupied by the long-term average (only a few or several degrees lower than indoors) and a constantly changing
ambient temperature. This determines the level of the seasonal COP of heat pump (COPwp se2).

It is obvious that the operating modes of the heat pump should be changed depending on the constantly changing
ambient temperature. It is also important to decide at what temperature of the outside air it is necessary to achieve the
highest nominal values, while maintaining the functionality of the system at other temperatures. For this purpose,
modern heat pump cycle controllers are used — a variable speed compressor (VSCM) and an adjustable position throttle
valve (TV), a combination of controlling these components (heat pumps controlled by a modulator/inverter). This
decision once allowed to increase the seasonal COP. These solutions continue to be developed, trying to find solutions
that would increase COPHP.S. Modular control (continuous control) is the best control mode for the heat pump com-
pressor integrated in the ventilation system. Because this mode allows you to adapt to constantly fluctuating air pa-
rameters and provide the required heating power. In addition, as demonstrated by other researchers (e.g., Aprea et al.,
2006; Dongellini et al., 2017), variable speed operation is more effective than stepped and ON/OFF operation. Aprea
et al. (2006) in his work carried out research (comparison) of heat pump (air-water) operating in ON/OFF and modu-
lating modes. The results show that continuous regulation allows a 20% reduction in electricity costs. Energy savings
were mainly due to the decrease in the compression ratio (degree) during the modulation phase (Aprea et al., 2006).
Dongellini et al. (2017) the results of the heat pump operation modes study show that the seasonal efficiency of the
heat pump operating in continuous control mode is higher by 8.3% and 15.4% respectively compared to heat pumps
operating in step and ON/OFF modes (Dongellini et al., 2017). In addition, modulating control minimizes the number
of compressor on/off cycles, which positively affects its service life.

There are also attempts to optimize the operation of the heat pump compressor from the programming side as
well. Recently, Zachary Lee et al. (2019) demonstrated a variable speed heat pump control optimization model in their
work. This model uses a machine learning method to predict the magnitude of the heat load and the outside temperature,
as well as mixed-integrated programming to optimize compressor control. This made it possible to offer optimal heat
pump operation schedules for the selected area and reduce electricity costs by 9% (Lee et al., 2019).

The increase in efficiency is achieved by combining the choice of the highest load with modulation systems and
on/off control (Bagarella et al., 2016), where the use of storage capacity reduces the number of on/off cycles of the
heat pump compressor. Clau8 and Georges (2019) investigates the influence of the modeling complexity of the heat
pump control in the context of demand response and building energy flexibility by analyzing a heat pump along with
the entire heating and hot water system (ClauBl & Georges, 2019). Genetic algorithms are used to optimize COPup sez
by combining the maximum heat pump load, operating volume of compressor, and system performance (Lee et al.,
2018). However, even these new studies are not aimed at solving the problem of assessing the capabilities of control
thermodynamic HP cycle (not to be confused with HP on/off cycles). Such studies exist (Jensen & Skogestad, 2005),
but they are specific and not directly related to the features of HVAC systems.

The review presented above shows that most of the work on improving the efficiency of a heat pump addresses
conventional, well-known and widely used heat pump controls and their optimal performance. Little attention is paid
to the thermodynamic cycle of the heat pump and the search for new ways to modify and control it. This is a potential
direction that could improve the efficiency of the heat pump.

Thus, in this situation, two main aspects can be distinguished to help approach this issue:

1. Finding the optimal thermodynamic cycle for heat pump, dependent on the outdoor temperature;
2. The search for thermodynamically based new technological possibilities to extend the degrees of freedom of
heat pump control.
The main aim of this work is to approach the optimal, highly energy-efficient thermodynamic cycle of the heat
pump (integrated into the AHU) in a wide range of outdoor air parameters, to determine the influence of individual
components of the AHU on the cycle and the overall energy efficiency of the unit.

1. Analytical description of the process

The article analyzes the processes of energy transformations in the AHU, the main energy transformers of which are
heat pump (HP) and heat exchanger (HRE). A schematic example of an AHU is shown in Figure 1. HP consists of
condenser (CN), evaporator (EV), compressor (CM) and throttle valve (TV). Along with two fans (supply — Fs and
exhaust — Fe) and the aforementioned ventilation heat recovery exchanger (HRE) we have an AHU. The interaction
parameters of these components under typical AHU operating conditions are analyzed in this work. In the context of
this study the characteristic operating conditions include states of the ambient and ventilated room air and HP refrig-
erant states, primarily characterized by temperatures. They can be converted to other complementary or derivative
parameters (enthalpies, entropies, coenthalpies, pressures, etc. of a particular refrigerant).
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Coefficient of performance of the AHU (COPanu) is considered as the main efficiency indicator. The COP of
AHU is practically consistent with the COP of HP concept and is calculated using the formula:

COPuyyy = Quny 1)

+
AHU

where: EKHU — is the energy flow rate supplied from outside of the AHU’s thermodynamic system, both as work

and as heat. In our case, this is the energy used by the fans and the CM. Qanu — is heat flow rate required to ensure that
air is supplied at the desired temperature. Heat flow rate is calculated using equation:

QAHU = MVCpa (TR _Te)’ 2

where: MV —air flow rate, kg/s; Cpa — specific heat of air, J/(K-kg); Tr —room air temperature, K; Te —envi-
ronment temperature, K.

Ventilated
room

Environ-
ment

Figure 1. Analysed Air Handling Unit (AHU)

Operation of the analyzed AHU (Figure 1). The amount of air My required for ventilation is supplied to and
extracted from the ventilated room. Outdoor air at T, temperature enters the HRE, where it heats from Te to Tc. Then,
the air in the HP condenser (CN) is heated to temperature Tk, then slightly warmed in the supply fan and supplied to
the room in temperature Tr. From the room extracted air of temperature Tr is warmed in the exhaust fan to temperature
Th. Then the air in the HRE gives its heat to the supply air, after which its temperature drops to the temperature Tu.
After this, the air continues to transfer its heat in the HP evaporator (EV), while cooling to a temperature Te.

The p-h diagram (Figure 2a) shows the cycle processes which there are in heat pump refrigerant-filled circuit. In
an evaparator refrigerant boils and evaporates (5-1) under isobaric pressure Pey and isothermal temperature Tevizot.
Refrigerant vapor can be superheated Ats, for several degrees but may remain in the dry saturated state T (Figure 2a).
Then the refrigerant is compressed in the compressor (1-2) into the Pcy pressure superheated vapor state T. This
compression occurs slightly to the right of the ideal isoentropic process, depending on the internal isoentropic effi-
ciency of the CM (eic). The temperature of the refrigerant rises up to several tens degrees of Celsius. Then the super-
heated refrigerant vapor enters the condenser (CN) and isobarically delivers heat flow (2-4) required to heat the air
from T.to Tk. In the condenser, the refrigerant cools to the dry saturated vapor state Ts. At the beginning of the CN,
the refrigerant cools to the dry saturated vapor state Ts. Then it condenses in an isobaric and isothermal process at a
temperature of Tcnizot. After that, refrigerant isoentropically expands from Pcn to Pev and cools to the temperature of
the EV isotherm Ts= Ti.

Processes occur at variable temperatures but within a relatively limited range of those temperatures. The AHU
must provide the heat flow, determined by Eq. (2), for fresh air intended for the ventilation of the room. Thermohy-
drodynamic processes (in particular heat transfer, transfer rates) in each of the heat exchangers (HRE, CN, EV) are
considered similar. The energy balance equations for these heat exchangers are given below (3-5).

Energy Balance equation for the condenser (CN):

QCN =My (h, —hy) =My (h _hc)=MvCpa(TK -Te) (3)

where M: is flow rate of refrigerant in HP. The qualities of the refrigerant are numerically important, but it is assumed
that their influence on the device processes is no different than in other thermodynamic reverse cycle cases. The re-
frigerant R32 is used for this study.
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Energy Balance equation for the evaporator (EV):

Qey =Mf(hl_h5)=Mv(hw_hE)=MvCpa(Tw_TE)- 4)
Energy Balance equation for the heat recovery exchanger (HRE):
QHRE = MV (hy —hy) = Mv (he —he) = MVCpa (Mh—Tw) = Mvcpa (Te —Te)- Q)

In the calculations, it is assumed that air enters the HRE at an outside temperature Te. Thus, the thermal efficiency
of the HRE is calculated by the formula:

Tc _Te

— Th—Tw —
Th _Te

- Th _Te

: (6)

1 or er

The heat transfer processes occurring in the condenser and evaporator of the heat pump occur when the state of
air and the refrigerant changes, their temperature changes are shown in Figure 2b, c.
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Figure 2. a) Thermodynamic cycle of a HP in p-h diagram; b) Temperature changes in CN; ¢) Temperature changes in EV

The heat transfer processes are described by similar equations for both CN and EV at their respective specific
heat flow rates (Ak)cn and (Ak)ev. Heat flow between air and refrigerant in CN (Eq. (7) and EV (Eq. (8):

Qen = (Ak)on ATey )

Qev = (AK)gy ATgy, (8)

where: AT — temperature difference of heat transfer, K; (Ak) — specific heat flow rate of heat exchanger.
Using energy balance equation for the CN and EV (Eq. (3) and Eq. (4), respectively), the heat transfer temperature
difference AT in the following heat exchangers (9-10) is expressed:

_ Mvcpa(TK _Tc) ] ©)
N (A)en

_ MVCpa(Tw _TE)
V(A

The dependencies of the variation of isotherms in the p-h diagram and heat transfer temperature differences are
related by the energy balance and heat transfer equations. To simplify the calculations, it is assumed that the tempera-
ture of the refrigerant does not change over the entire length of the CN and EV, and there are no “refractive” points
such as Ts (Figure 2b). They would still be in the real process, but their impact on the outcome of this exercise is not
significant. The resulting CN and EV isotherms Eqs (11-12) and the HP Eq. (13) are shown below.

(10)

T +T To+Te  MyCp(Ty —Tc)
Tzt =~ + ATey = = 5 £t (sz) = (11)
CN
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T, +T T +Te Mycp, (T, -Te)
T . = £ E —AT =Y E_ P ;
EVizot EV > (Ak)ey (12)
(AK)ev _ ATey COPRp _1' (13)
(AK)eny  ATgy  CORgp
where: COPwp — is the coefficient of performance of the HP. COPwp can be calculated using equation:
COPp = Qen (14)

=+
HP

The independent parameters that result from the functionality of the unit are the air flow My, its specific heat Cpa,
the constant Tr temperature supplied to the room and the extract air at the same temperature. Also independent is the
thermal effectiveness er of HRE. It determines the change in temperature T, Tw in the equations below. The variable
parameters depend on the continuously changing ambient air temperature Te. The reordered equations expressing the
CN isotherm and temperature difference values of in AHU integrated HP are given below.

Equation of the CN isotherm and its temperature difference:

T :Th(1+aT)+Te(1_gT)+Mvcpa(l—gT)(rh_Te)_ )
CNizot 2 (Ak)CN y

erTh+ Tk +To(1-¢
ATew =Tenizor ——— K2 e T)- (16)

The following is the equation for the isotherm of the EV:

ATgy COPyp -1

(Akdn a7 ~cop
Tevizot = Th —&1 (Th —Te) —ATgy = 21 17)
2My Cpy
At this stage of solving problems, a restriction is introduced:
The temperature of the air after the evaporator, i.e. exhausted from the unit:
ATy (AK
Te =| T @)+ e;T, ~ ATEV (AR | (19)
My Cpa

In this paper the following assumptions have been made:

1. Indoor and outdoor air is dry, and the mass flow rate of supply and exhaust air is the same and constant.
(My = const.)

2. AHU is well insulated (adiabatic), air and refrigerant receive or release heat only through heat exchangers
(CN, EV, HRE) or fans (Fc ir Fs).

3. The power of Fe and Fs is selected from the recommended specific fan power (SFP) index, expressed in

W/md/s.

It is assumed that, the heat transfer temperature difference AT in the CN and EV is equal (Eq. (17).

There are no heat transfers to the air in the room.

It is assumed that the changes in air temperatures influenced by F. and Fs are estimated by equating that all of

their power is used to heat the air.

There is no refrigerant sub-cooling in CN or super-heating in EV

It is assumed that there are no “refractive” points such as T3 (Figure 2b) (the temperature of the refrigerant

does not change over the entire length of the CN and EV).

o0k~

© N

2. Results and discussions

Given the multiparametric nature of the analytical description of the processes under study, the search for optimal
combinations is carried out using parametric analysis. Some parameters in the analytical model are variables, but this
does not apply to a real unit (for example, specific heat flow of heat exchangers). Changes in other parameters can only
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be implemented using their control algorithm, which guarantees relatively high and stable performance rates. From a
thermodynamic point of view, it is advisable to evaluate the sensitivity of the above parameters to the distance between
the refrigerant isotherms.

The solutions of the analytical description equations are not certain and require additional conditions (assump-
tions, constraints, adjustments). As can be seen from Figure 2b and according to formulas 3 and 4, the heat flows of
CN and EV depend on the refrigerant flow A% and the positions of the isotherms Tenizot= T4 = T3 ir Tevizt= Ts=T1
(Figure 2b) and their enthalpies. On the other hand, the difference in temperature between the CN and EV isotherms
determines the compressor power, the efficiency of the HP and the AHU as a whole. Based on this, alternatives for
analysis are formed by choosing the variations of Tcnizot and Tevizot. They do not provide refrigerant sub-cooling in CN
or super-heating in EV. Also, the main characteristics of AHU used to calculate all alternatives are listed in Table 1.

Parametric analysis of the above set of equations is presented in the article with 2 alternatives. The first alternative
assumes that the refrigerant temperatures in the HP condenser and evaporator are fixed and do not vary with outdoor
air temperature, and the characteristic parameters of these heat exchangers Akcn and Akgy are variable. In the second
alternative the inverse case is chosen — the characteristic parameters of the heat exchangers Akcn and Akey are fixed,
but the refrigerant temperature in them changes depending on the outdoor air temperature.

In addition, the parametric analysis of the first alternative determines the influence of the HRE on the overall

energy efficiency of the AHU.

Table 1. AHU calculations data

Parameter Value
Room air temperature (supply air temperature) 20 °C
Environment temperature range -20...15°C
Air flow rate 500 m3/h
Effectiveness of HRE, €T 0.8
Isentropic efficiency of the compressor of the HP 0.8
Specific fan power 250 W/(m?3/s)

First alternative

The first alternative evaluates the change in the parameters of the AHU when the HP is operating at constant
temperatures of the isotherms of the CN and EV, relative to the outside temperature. To recognize the problem, it is
assumed that Tcnizot = 30 °C, Tevizot = —30 °C. In the parametric analysis of the first alternative, the parameters (Ak)cn

and (Ak)ev are variable.
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Figure 3 shows the indicators of the heat transfer process in heat exchangers of HP (CN and EV). Two versions
of the AHU are considered in this alternative: when the AHU has only one power transformer — an integrated heat
pump (“HP” in Figure 3) and when the unit has two energy transformers working together — the integrated heat pump
and heat recovery exchanger (“HP+HRE” in Figure 3). Their specific heat flow rate (Ak)cn and (Ak)ev are expressed
from the above equations (3, 4, 5, 7, 8). They decrease with increasing outside temperature Te, as well as non-linearly
and differently in the condenser and evaporator. Numerical solutions show this, but they physically represent the size
of heat exchangers that do not change in a real AHU. It can also be noted that in the first version (“HP”), which uses
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only a HP, the specific heat flow rates of the heat exchangers are significantly higher than the corresponding rates in
the AHU where HP and HRE are used together (“HP+HRE”).

The temperature of the exhaust air from the AHU indirectly indicates the system’s ability to utilize the energy of
the exhaust air efficiently (to heat the supply air). Figure 4 shows the change of the temperature (Te) of the exhaust air
from the AHU. Informal logic says that a solution than air throws out at the lowest possible temperature (if not below
ambient temperature) is considered to be more valuable. We have this in the case when two energy transformers are
used in the AHU — HP and HRE.

Dependences of changes in COPanu of the analyzed AHUSs are presented in Figure 5. It is seen that the COPanu
of the unit using only the HP is close to 3 in the entire analyzed temperature range. In the case of the second version
of the AHU (“HP+HRE”), this value changes. The COPanu decreases with increasing outdoor temperature Te, but this
value is significantly higher than that of a system with only HP. Thus, ignoring the HRE in AHU using a HP (for
example, due to its compactness) adversely affects the overall COPanu.

Second alternative

The second alternative is formed after an initial analysis of the numerical results of the first option. First of all,
the focus is on changes in the resulting (Ak)cn, (Ak)ev of heat exchangers (CN and EV). Technically, the CN and EV
of HP have constant geometric shapes and sizes, but under operating conditions of AHU (i.e., first of all, the FLT (first
law of thermodynamics) between its components) they are changing in the conditions of calculation of the first alter-
native. The dimensions of the heat exchangers (CN, EV) can be selected for a specific AHU, so that the functionality
of the whole unit is not lost. They will simply be selected no less than the highest value obtained in the calculations
(as it is usually done in engineering practice).

An AHU with HRE and integrated HP is selected for further analysis.

After analyzing the results of the first alternative, this logical sequence is selected for the second alternative. At
given isotherm temperatures (Tcnizoto = 30 °C, Tevizown = =30 °C) and at a design temperature Teo corresponding to the
maximum heat demand in the selected calculation range, the (Ak)cno is calculated using formulas 15 and 16. So, at the
design temperature Teo, we have Qcno= (AK)cnoATceno. For these conditions ATen and ATey are found, it is assumed that
ATevo= ATceno (EQ. (19). As a result of this choice, the specific heat flow rate of the EV ((Ak)evo) is expressed from
Eq. (13) and becomes a certain value. These specific heat flow rates of the CN and EV are taken as constant values in
the following calculations of this alternative. Due to the assumptions made, the initial temperature of the EV isotherm
increased slightly compared to Tevizoto, but this does not significantly affect the final trends.
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Figure 7. Coefficient of performance (COP) of HP, AHU
(2 alternative) and refrigerant flow rate depending on
outdoor air temperature Te

Figure 6. Refrigerant temperatures Tcnizot, Tevizot and room
air temperature depending on outdoor air temperature Te

Figure 6 shows the temperature trends of the isotherms CN and EV. Refrigerant temperatures (extensions of their
lines) intersect at room temperature Tr (20 °C). Tcnizot temperature changes were limited by the task — the supply air
should be sufficiently heated, i.e. Tenizot > Tr. The temperatures of the isotherms approach each other (the EV isotherm
changes more). In this case, the HP control algorithm is consistent with the processes of other AHU components, the
variable speed CM and TV should work according to this control algorithm.

Figure 7 shows the change in coefficient of performance of AHU (COPanu, Formula 1) and integrated HP
(COP4p) as a function of outdoor air temperature. The relative refrigerant flow rate is also shown in the graph. We can
see in the graph that the overall efficiency of AHU, whose energy transformers are HRE and HP, is quite high through-
out the temperature range under consideration. In addition, the maximum is at the prevailing outdoor temperatures
during the heating season. With increasing outdoor temperature, COPanu  and COPwp also increase.  However, from
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Te =~ 3 °C, the COP of AHU begins to decline, although the COP of HP continues to rise. Due to the decreasing heat
flow required for heating the supply air, the flow rate of the refrigerant (M) circulating in the HP circuit and the electric
energy consumption of HP are reduced. The amount of energy used by the fans is constant throughout the temperature
range. In addition, from Te = ~ 3 °C, the power of the fans starts to exceed the electrical power of HP. This is negatively
reflected in the COP of AHU, starting at this temperature, although COPwp has a positive trend (Figure 7).

The results of the parametric analysis show that the overall energy efficiency of AHU of the first alternative,
where the temperature of the refrigerant in the CN and EV is constant but the parameter Ak of CN and EV varies, is
lower than in the second alternative, where the Ak values of CN and EV are fixed and the refrigerant temperatures in
the CN and EV vary. This proves that the choice of constant isotherms (or operating close to them) is not an acceptable
solution for heat pumps not only from the technical side, but also from the side of energy efficiency.

Conclusions

A parametric analysis of the AHU with HP and HRE characteristic energy transformations showed the potential for
efficiency improvement in process control choices.

1. Ignoring HRE on HP-powered AHUs has been shown to negatively impact overall performance, as the first
alternative shows.

2. Parametric analysis showed that the temperature change of the refrigerant in the cycle (in particular EV)
should be related not only to T (as already used in modern solutions), but also to the temperature in Tg.

3. The resulting trend in CN and EV temperature variations reveals the features of HP’s integrated AHU control
that allows for high overall AHU performance. Such management is not applied, and its practical feasibility
has not been explored.

4. The selection of optimal AHU sizes for engineering solutions should include the economic evaluation of those
solutions. This would allow for a more reasonable approach to the specific values of (Ak)cn and (Ak)ev, con-
sidering not only climatic but also economic conditions. In such a case, such evaluations should still satisfy
the analytical parameter dependencies established in the article.
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