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Abstract: The primary objective is to create a control function that ensures the energetic optimization
of a heat pump heating system at any point within the On-Off regulation range. The COPmax value,
the optimal performance of the circulation pump, and the actual performance of the compressor are
determined based on the water temperature. The objective function is the extended COP equation of
the system. The COP equation includes the efficiency of the circulation pump and the compressor.
With efficiency considered, the COP is 3.057; without efficiency, it is 3.68. At discrete operating
points, steady-state operation is assumed; therefore, the behavior of the components is described
using algebraic equations. The equation system was solved in two cycles using numerical iterative
Newton linearization and Gaussian elimination methods. First, the mass flow rate was optimized for
a water temperature value, then the optimization cycle was repeated at a higher temperature. The
temperature increase was 2 °C. Using the values of the optimal performance of the circulation pump
and the water temperature, a polynomial control function was developed. Applying the control
function, the optimal performance of the circulation pump can be calculated for any operating
temperature range. The structure of the examined system includes: a 1.6 m? plate condenser, a
Maneurop 64 compressor, a variable performance Wilo 400W circulation pump, a SEVER 750W well
pump, and a constant well water inlet temperature and mass flow rate of 13.5 °C and 39 liters/min,
respectively.

Keywords: energy optimization; control function; heat pump heating system; COPmax; pump
optimum performance

1. Introduction

Due to green policy initiatives, the adoption and application of all types of heat pumps have
significantly increased across Europe in recent years. The peak was in 2022, when the number of heat
pumps sold in the European Union exceeded 3 million, representing a 38% increase. Unfortunately,
this trend reversed with a significant decline observed in 2024; in Germany, the number of heat
pumps sold dropped by 52%. This was primarily due to economic stagnation across the EU, including
Germany, and as a consequence, state subsidies were reduced. However, the EU had set a target to
install 10 million heat pumps by 2027 [1] This raises the question of the energy source, the vast
majority of heat pumps use electricity, with only a few exceptions operating on gas. Since both energy
sources are limited, energy efficiency is essential. One modest way to improve efficiency is the
optimization and control of heat pump heating systems. Naturally, such optimization efforts affect
environmental protection, sustainable development, and ultimately the costs of manufacturing,
maintenance, and operation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Numerous papers have been published in leading journals on this subject. The optimization
objectives in these papers vary widely: capacity, structure, control, lifetime, economic, refrigerant
selection, and energy optimization. However, only a few directly address the energy optimization of
heat pump heating systems, and even those do so in different ways. Ziyang Liu et al. [2] established
a performance optimization method for an air-source heat pump heating system. Their optimization
achieved a 33% reduction in heat pump performance at a design point temperature of 22 °C, along
with a reduction in CO, emissions. Pesola A. [3] designed a cost-optimization model for a district
heating system with decentralized heat pumps. Optimal utilization of heating components reduced
average operational expenditure by 24%. Masternak C. et al. [4] developed an interdisciplinary model
for the optimal sizing of heat pumps. The goal was to minimize both cost and CO, emissions. Their
optimization resulted in a 3.1-fold reduction in life-cycle CO, emissions, based on Belgian thermally
insulated dwellings. Brida V. Mbuwir et al. [5] presented the results of a model predictive control
approach to optimize the operation of a multi-source heat pump system for space heating and
domestic hot water. Their objective was to minimize electricity consumption. Using BEMS control,
electricity usage was reduced by approximately 7% compared to conventional on/off control. A key
challenge in this predictive control approach is developing accurate white-box models for system
components. Hosseinnia M. S. and Sorin M. [6] focused on the techno-economic optimization of a
solar-assisted ground source heat pump. They analyzed the total annual cost and optimized the
system design, using a 200-meter vertical ground heat exchanger. Electricity consumption was
reduced by 55.9% in September and 79.2% in March. The study by Granryd E. [7] is perhaps the most
closely related to our research topic. The system structure and research objective were similar,
although Granryd examined an air-to-air heat pump, optimizing the air mass flow rate through the
fan. The mathematical method used was analytical, with many approximations and the assumption
of an ideal refrigeration cycle, which differs from real-world processes. The system’s COP was the
objective function, but with significant simplifications. In contrast, we studied a water-to-water heat
pump using a real refrigeration cycle, including the compressor and circulation pump efficiencies
and a condenser model that includes both desuperheating and condensation phases. We applied a
numerical method, which allowed for greater complexity in the mathematical model and better
graphical representation of the results. Cervera-Vazquez J. et al. [8] applied a situ optimization
methodology based on pump frequency variation in a heat pump system with two compressors and
on/off control. During compressor operation, the pump frequency varies depending on whether
compressors run singly or in parallel. Using this optimization method, energy savings of up to 32%
were achieved. The article by Edwards K. C. and Finn D. P. [9] is practically a continuation of [8]. The
system is the same, a two-compressor heating and cooling heat pump with external and internal
water pumps. The difference is that in [9], pump frequency optimization is applied throughout the
entire heating season, resulting in 30-40% energy savings. In our study, the system uses a single
compressor, and the optimal performance control of the circulation pump is based on feedback from
the water temperature. The circulation pump’s optimal performance is achieved by adjusting its
frequency, i.e., rotational speed.

The topics of the studies above are expanded, so this paper aims to examine the internal energy
optimums of heat pump heating systems. The ultimate objective is to analyze the energy components
and COP as functions of the varying water temperature during operation, and to derive a control
function accordingly. Heat pump systems, including water-to-water, air-to-air, and air-to-water
types, have nine degrees of freedom [10] of which only three are energy-related: two local and one
global. One local optimum is the energy optimum of the warm water circuit, the other is the cold-
water circuit, and the global optimum is the simultaneous optimization of both. In this case study,
we focus on the energy optimization and control of the warm water circuit in a water-to-water heat
pump system.

The type [11,12] and heating performance of the heat pump are selected based on the building’s
energy demands. Following this, it is necessary to determine the appropriate performance for pumps
and possibly fans. Although several design methods exist, none one ensures optimal pump
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performance. Energy efficiency, however, is an increasingly important factor in operating systems,
including heat pump systems [13,14]. Therefore, this paper presents a numerical optimization
method and its application in a case study. As a result, we identify and analyze the optimal
performance of the circulation pump for a given water temperature, and then as a function of varying
water temperatures. Regardless of control type during heat pump operation, the water temperature
continuously rises, posing a challenge to examine how energy components behave at different
operating points depending on temperature. For this purpose, we used an existing optimization
algorithm [15], expanded with a new independent variable, water temperature. As a function of this
temperature, the following were determined: the control function of the circulation pump, the COP
of the heating system, the real performance of the compressor, the heat flow, and the optimal real
performance of the circulation pump.

The control function of the circulation pump allows its optimal operation at all operating points,
depending on the varying water temperature. Most water-to-water heat pumps use On-Off control,
causing the water temperature to increase during operation, typically between 30 and 60 °C.
Consequently, the circulation pump’s optimal performance also has to change. Applying the control
function, the optimal performance can be calculated based on the current water temperature. The
microprocessor controller of the Willo pump (shown in Figure 3) ensures optimal pump performance
by adjusting speed, thereby maximizing the COP at all operating points.

The operation of a water-to-water heat pump heating system is slightly non-stationary. Under
On-Off control strategies, the water temperature gradually increases, depending on heater type,
external temperature, and controller accuracy. The source water temperature may also vary slightly.
In dual-well systems, the source temperature remains practically constant during operation (around
14 °C at 40 m depth), though the cooling water temperature may rise slightly (by 2—4 °C), reducing
COP.

The base heating system model is time-independent, with lumped parameters, algebraic,
coupled, nonlinear, and composed of many equations. It includes algebraic equations for refrigerant
R134a, COP, condenser, compressor, and circulation pump performance.

Optimization can be performed using analytical or numerical methods. Analytical methods
require a high level of mathematical expertise and are only applicable up to a certain point; further
analysis must rely on numerical techniques. With numerical methods, obtaining results is somewhat
easier, especially since the MATLAB software package [16] includes solver programs. These solver
programs, however, act as black boxes, which can obscure the physical interpretation of the
mathematical model.

After all, a discrete optimization approach was chosen instead of continuous-time integration.
The discrete method is favorable for the numerical procedure. The change in the thermal systems is
slow and uniform, without jumping, so that the tendency of change is drawn by connecting a small
number of discrete points. In the initial step, a discrete temperature value was considered, assuming
the steady-state operating mode at the working point. Therefore, in the mathematical model, the
equations were not differential but algebraic. In the second step, the model and the program were
expanded with a new variable, namely water temperature. The diagrams drawn using optimization
values are smooth, and consequently, simulations can be done with higher temperature increments.

The coefficient of performance (COP) is the objective function for the optimization procedure
[17,18]. Its equation with the efficiencies of the circulation pump and compressor is extended. The
equations for heat flows, performance expressions, and efficiencies all depend on the water’s mass
flow and inlet temperature. Such a complex system of equations is best solved numerically using, for
example, Newton linearization and Gaussian elimination. The model’s solution program is part of
MATLAB.

The research on analytical-numerical energy optimization and control of heat pump heating and
cooling systems can be continued. Future case studies will address the combined energy optimization
and control of warm and cold water circuits.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Case Study

Physical Model of the Hot Water Circuit

The active energy elements of the warm water circuit are the condenser, the compressor, the
circulation pump, and the heating surfaces. In this case, the well pump is a passive participant, and
its performance is variable-constant.

The operation of the hot water circuit is well-known. In the examined case, in the plate heat
exchanger, the high-temperature vapor delivered by the compressor transfers its heat to the water,
causing it to condense. The water flows, using the energy provided by the circulation pump, and
delivers the heat to the heating surfaces. The purpose of Figure 1 is to illustrate and indicate the heat
flows, performance outputs, and variables occurring in the water and refrigeration circuit.

Pp1
Pcom (mf)

Pr2 refrigerant side

t,mf tim tfo,mf B
: O !
F1 F2 O 5
G O
. . : !
twi,mep twm two,mep it
water side e k -
pr2
) R Y
Pep (mcp) ‘ T 5
pf1 A-A metszet P S|

Figure 1. Condenser warm water circuit of the heat pump heating system. 1 is the vapor cooling section, 2 is

the vapor condensation section.

3. Mathematical Methods

3.1. Description of the Aim

The goal of the case study is also the energy optimization and control of the heating system.
Within this framework, the following were determined: the optimal control function, the maximum
of the coefficient of performance, and the optimal performance of the circulation pump as a function
of the water temperature.

3.2. Objective Functions of the Heat Pump Heating System - COP

The coefficient of performance related to the condenser circuit serves as the objective function
of the optimization procedure. Some terms in the COP equation are functions of the hot water mass
flow rate, and all terms are functions of the water temperature, twi. The real performance of the well
pump is independent of the warem water temperature and is treated as a variable constant.

The basic numerical procedure determines the optimal value of the mass flow rate for a given
water temperature. Using the optimal mass flow rate, the optimal performance of the circulation
pump and the maximum COP can be determined. In the study, the program was extended to cover
changes in water temperature in the range of 30-55°C. As a result, the maximum COP and the optimal
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performance of the circulation pump can be determined for each value of the varying water
temperature.

The COP equation includes the efficiency of the circulation pump and the compressor, which
significantly affects the value of the COP. Without considering these efficiencies, the COP is 3.38,
whereas including them reduces it to 3.077, a difference of 9.8% (see Figure 4).

q (mcp,opt' twi) + Pope (mcp.opt' twi) (1)
Pcom,r (mcp,optt twi) Pcp,e (mcp,opt' twi)
Ncom (Pcom,r) ncp (mcp,optr twi

COPmax (mcp,opt' twi =

+ Py, +

max

3.3. Mathematical Model of the Condenser

According to its operation, the condenser consists of the vapor cooling section and the
condensation section. Therefore, its base model is divided into two parts, and includes the heat flow
equations, q: and g, and numerous auxiliary equations [19]. The heat flow q; is realized on surface
Fy, and g, on surface F.. The total heat flow q is the sum of q: and q.. The effective surface of the
condenser, denoted F, is the sum of the surfaces F; and F..

The modified equations of the condenser [19].

In the vapor cooling section, the heat flow is.

P (2)
=|F———"F— ) ke At
q1 < kfz -Atm) 1 In1

In the vapor condensation section, the heat flow is.

2
y ql ql (3)
q2=mf- a0+a1-<—f+tﬁ)+ a2-<—f+tﬁ>
Cpf mf Cpf mf

In the condensation section, the heat flow equation is the latent heat equation in polynomial
form. The equations are coupled and can only be solved by iterative numerical methods.

Auxiliary Equations

The logarithmic temperature difference of the condenser's vapor cooling and condensation
sections was approximated to the arithmetic. The difference between the logarithmic and arithmetic
temperature is only 0.2% [19].

The arithmetic temperature difference of the vapor cooling section.

Aty =05+ ((tﬂ — twi) + (trm — twm)) (4)
The arithmetic temperature difference of the condenser vapor condensation section.
Aty = 0.5 ((tam — twm) + (to — two)) (5)
The heat transfer coefficient is approximated [20]:
kyp = % (6)

1. Vapor cooling section, 2. condensation section.

The heat transfer coefficient was determined approximately. Namely, the wall thickness of the
heat exchanger is (0.3-0.5) mm, therefore, the term d/A = 0 in the equation is approximately zero. The
heat transfer coefficient of water is the same in the cooling and condensation sections.

3.4. Mathematical Model of the Circulation Pump

The effective performance model of the circulation pump is lumped and independent of time:
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mC
Pppe = —2

n
pe = b ) @)
w

The pressure drop in the pipeline is a function of the water mass flow rate, according to the

.3

Darcy—-Weisbach equation. The kp coefficient takes into account the geometry of the pipeline system.
In the case of a system with a known structure, its value is approximately constant. However, the
Reynolds number, Re depends slightly on the mass flow rate, with an exponent of 0.75. Nevertheless,
the Reynolds number should also be incorporated into the numerical simulation.

n l; n 1
kp = (Zi:l ¢ (Re, €) d_l + Zhlgi‘wk (goem)) 3 A = const. (8)

When determining the real pump performance, energy dissipation is taken into account using

the pump efficiency. The efficiency is d3etermined based on measured values from the real pump.
Using the measured real and effective pump performance values, the efficiencies were calculated,
and the 1p—Pepe polynomial was established 18.

Pcp,e _ Pcp,e
. - 2
ncp(mcp(Pcp,e)) a, +ay- Pcp,e +a,- Pcp,e + o

Fepr (mcp) =

)

3.5. Mathematical Model of the Compressor

In the procedure, when determining the optimal performance of the circulation pump, the real
performance of the compressor is variable constant. In calculating the real performance of the
compressor, the efficiency neom (Peomr) was taken into account. This efficiency was calculated based on
the measured real and the computed effective performance values. Using these data pairs and the
MATLARB software package, a polynomial was created as a function of the real performance.

Pcom,e = comr * ncom(Pcom,r) = Pcom,r ) (ao +ag- Pcom,r +ay- Pcom,r2 + ) (10)

The effective performance of the compressor can be used to determine the mass flow rate of the
refrigerant and the vapor temperature at the compressor outlet. The refrigerant mass flow rate is
determined using the enthalpy increase due to compression and the effective performance consumed
by the compressor.

. . . -1
my = Pcom,e ' (lf,i - lf,e) (11)

The vapor temperature at the compressor outlet can be calculated using the enthalpy increase
and the effective performance of the compressor:

Pcom,e = mf ' Cp,f,com ’ (tf,i - tf,e) (12)

The average specific heat of the vapor during compression, C, fcom, can be estimated using a
linear approximation. It is equal to the average of the inlet specific heat C, s (t;; ), and the outlet
specific heatC,, ((t; ):

Finally, the vapor temperature at the compressor outlet can also be expressed, based on Equation
(12), as:

17 com,e

~

tri = T ire (13)

mf ' Cp,f,com

4. Control Function

In the case of On/Off control, the algorithm of the control function is activated when the heat
pump heating system starts. The control adjusts the circulation pump's performance and speed to
optimal values, based on the current value of the water temperature tw.

Physically, the temperature varies continuously, so optimal control must also be continuous.
Therefore, the control function must be continuous as well. In the On-Off domain, ensuring
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continuity mathematically means integrating the control function as a function of the water
temperature. The challenge is that the optimal control function depends on the mass flow rate and
the water temperature, making its integration difficult. However, a semi-continuous discrete function
is much easier to define. Instead of integration, a numerical discrete method can be applied.

The strategy is to optimize all variables for an initial given water temperature in the first cycle.
In the next cycle, all variables: the optimal water mass flow rate, optimal circulation pump
performance, COPmax, compressor performance, and heat flow were calculated depending on a
discretely increased water temperature. The temperature increment is Atwi = 2 °C. Applying the
optimal performance and temperature value pairs a continuous control function was created in
polynomial form in the MATLAB program.

The integrated form of the continuous control function of the circulation pump's optimal
performance.

tw,iof f (

Pcp,r,opt(mcp,opt(tw,i)' tw,i) = f Pcp,r,opt(mcp,opt(tw,i)i tw,i)) ' dtw,i (14)

tw,ion
Cycle of increasing water temperature.
j=1 twij = twio At,,; =0
j = 2: tw,i,j = tW.i,j + AtW,i!

(15)

In each operating point (i.e., for each water temperature in the j' cycle), the optimal water mass
flow rate, optimal circulation pump performance, and COP maximum are calculated.

j=1+n t,;;=const,> Mg ont ) (tw_i_j) =opt. - Pcp,r,j,opt(mcp.opt(tW.i,j)' tw,i,j) (16)
The circulation pump’s optimal performance as a function of the water temperature.

Pcp,r,j,opt(mcp,opt,j(tw,i,j)' tw,i,j) = a, + a, - tw,i,j + a, - tw,i,jz + - ] =1..n (17)

"1y

j” is the sampling number of water temperature.

The numerical controller, using feedback, samples the water temperature j' times with the help
of the sensor, and by applying the control function, calculates the optimal pump performance and
the optimal pump speed for each operating point.

Circulation pump optimal speed depand on the optimal pump performance and the torque of
the electro motor.

Pepr.opt (Mep.opt, (twiig ) twiij) (18)

5. Numerical Procedure

The mathematical model of the heating system consists of a lumped, coupled and a large number
of nonlinear algebraic equations. This system of equations can be solved numerically, using Newton
linearization and Gauss elimination methods [16]. The algorithm is iterative, because most of the
algebraic equations are implicit, so the initial values of the unknown variables must be assumed.
Experience has shown that the proposed values must be close to the solution; otherwise, the initial
iteration will not converge.

In the numerical optimization procedure, the objective function is the Coefficient of Performance
(COP) of the heating system. In the analytical method, the condition for the optimum is that the first
derivative of COP with respect to the water mass flow rate equals zero. In the numerical method, no
exact optimality condition equation; instead, the water mass flow rate varies at discrete points within
an arbitrary domain in the simulation. The COP and other dependent variables are calculated at these
discrete points. The maximum value in the resulting COP sequence at the discrete points is the
extremum, ie. the energy optimum COPma. The water mass flow rate corresponding to the
maximum COP is the optimal mass flow rate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Three energetic components operate in the water circuit: two pumps and a compressor. This
study focuses on one of the local optimum. The circulation pump performance should be optimized
depending on the water temperature. By the simulation, the compressor performance is variable,
while the well pump performance is constant.

The input parameters of the algorithm: the active surface area of the plate condenser, the
constant physical characteristics of water, and refrigerant. The input temperatures of the water and
the refrigerant (twi and ti) are variable constants.

The basic numerical optimization method yields discrete results; it provides the optimal water
mass flow rate for discrete water temperatures. Based on this value, the optimal performance of the
circulation pump, its efficiency, and the maximum coefficient of performance can be calculated. In
the system of equations, the water temperature twi is an increasing independent variable and appears
in the heat flow equations qi and q2. Its variation indirectly affects the values of other system
parameters as well.

However, the ultimate goal of the analysis is to investigate the optimum of the heating system
not only at one water temperature but across the entire examined domain of water temperature
increments.

As mentioned earlier, during the operation of the heat pump heating system, the water
temperature increases; therefore, it is advisable to perform the optimization simulation for various
input water temperatures: twi = (30, 35, 40, 45, 50, 55, 60) °C. The optimal mass flow rates were
calculated at these discrete water temperatures, and based on the calculated values, the optimal
performances of the circulation pump, the maximum coefficient of performance values COPmax,,
compressor performances, and the resulting heat flows were determined.

Applying the MATLAB software package and values of the optimal performance of the
circulation pump obtained through simulation, as well as the discrete values of water temperatures,
a polynomial control function was created. Applying the control function and the measured
instantaneous water temperature during operation, the COPmax and optimal circulation pump
performance can be calculated at every discrete temperature value in the operating heating system.

Constants:

e Nominal and effective surface area of the plate condenser: F =2 [m?] and 1.6 [m?]
e Real performance of the well pump: Pwpr =505 [W]

Input Independent variable constants:
e  Discrete water temperatures at the condenser inlet:
twi = (30, 35, 40, 45, 50, 55, 60) [°C]
e Refrigerant vapor temperature at the compressor inlet: ti. = 4 [°C]

Output Dependent Variables:

¢ Maximum value of the system's Coefficient of Performance, COPmax
e Optimal real performance of the circulation pump, Pep,ropt

o  Efficiency of the circulation pump

e Real performance demand of the compressor, Pcomr

o  Efficiency of the compressor

e  Optimal water mass flow rates, mep,opt

e Control function of the optimal circulation pump performance

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Constants:
Puwp,r, tie, pr. &, A, p. j=0

¥
Wariable constants:
Pram,r. lp, Atw, B,

¥
Initial values of implicit variables:
Mep ), Pep.epope. Peom.ry. Quy. G2y

Jj=j+1
by = gy T Ly
i
b o

Independent variable:
Mcp,
¥

Equation of the Coefficient of performance:
COPraxy

¥
Mouodel of the Condenser:
Implicit and explicit algebraic equations
¥
Model of the Circulation pump:
Explicit algebraic equations
L 4

Muodel of the Compressor:
Explicit algebraic equations

*
Control function:
F(Peprpop) = @y + @y "ty g+ @g " by ° +
¥
Optimums at operating point "j":
CDPmu,p. Poprpopt. Poamcp, Q1. Q2
NO
fi< 10

NO

Figure 2. Algorithm for the creation of the control function based on energy optimization.

6. Results and Discussion

Within the framework of the optimization procedure, the effect of the efficiency of the circulation
pump on the COP value was investigated.
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Figure 3. The COP value is a function of the water mass flow rate. COP=3.3854 green is the analytical,

COP=3.385 red is the numerical simulation.

The COP values shown in the diagram, Figure 3, the circulation pump efficiency was not taken
into account during the calculation, therefore the COP value is 3.385, 9.8% higher than the real value.
Namely, based on the simulation and measurements, the real COP value ranges between 3.057-3.058.

The analytical simulation is the result of the previous research. The COP value obtained with
the analytical and numerical simulation shows an insignificant difference.

3.6 ~ Surface of the condenser 1,6[m?]
M Evaporation temperatur 0[°C]
3.4 iRy
3.2
ol
O 34
@)
2.8
2.6
I

Warm water inlet Circulation pump
temperature [°C] real performance [W]

Figure 4. 3D diagram of the COP - twi — Pepr.

A slight extreme can be observed at all temperature values on the 3D grid. At the extreme point,
the COP is maximum, and the circulation pump performance is optimum. COPmax= 3.057 and Pep,r,opt
=230 W at twi=40 °C.

When sizing and selecting the circulation pump, it is worth going only to the optimal
performance value. In a given case, this range is 158-236 W in this range, the COP value hardly
changes. Therefore, a lower-performance, cheaper circulation pump is suitable financially and
energetically as well.

The circulation pump's performance is higher at 30 °C than at 50 °C water temperatures, so its
effect on COPmax is more intense. See Figure 6.
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Figure 5. 3D diagram of the q -- twi — Pepr.

The heat flow value increases slightly with the increase in the circulation pump performance
and decreases significantly with the increase in the inlet water temperature, but without extrem. The
COP and heat flow diagram show a similarity. It is understandable, since the heat flow value
dominates among the terms in the COP equation. Its average value is about 4 times higher than the
compressor power, 6 times higher than the well pump performance, and 12 times higher than the
circulation pump power value.

3]
wn
[e]

T T T T

Surface of the condenser 1,6[m?]
Evaporation temperatur 0[°C] 1
Superheat 4 [°C]

)

N

[e]
T

3]
o
o

Circulation pump real
optimal performance [W]
o
S

1 L 1 Il 1 Il 1 1 1

o
o

30 32 34 36 38 40 42 44 46 48 50 52 54
Warm water inlet temperature [C°]

Figure 6. 2D diagram of the Pep,ropt — twi.

After optimizing the circulation pump performance according to warm water temperature,
using its values, the control function was created (17). Applying the control function at every
temperature value enables the computation of the optimum performance. Using equation (17), the
function's graph was drawn. On the graph, Figure 6. the circulation pump performance is optimum
at every temperature value.

The optimum of the circulation pump performance exponentially decreases if the water inlet
temperature increases.

7. Conclusions

o  The efficiency of the optimization-based control system is most perceptible in high-capacity
heating systems; in smaller systems, it results in only a few percent energy savings, typically no
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more than 1-2%. This 1-2% improvement applies across the full controlled range of heating
water temperature, from 30°C to 55°C.

e In the case study, the effect of the optimized circulation pump on the COP is slight (see Figures
4 and 7). The COP around the optimum varies only slightly, which means a near-optimal pump
performance can be selected over a wide performance range.

e  When selecting the circulation pump, it is only worthwhile to consider the real performance
value up to the optimal range, between 158 W and 230 W. Although higher-performance pumps
are available, they are more expensive and negatively affect the COP.

e In piping systems with higher hydraulic resistance, expedient to apply an optimized control
strategy, as the circulation pump requires more performance, which impacts the maximum COP
increases.

e  Since heating systems differ in the size of the compressor, piping, and heat exchanger, the
coefficients al, a2, and a3 used in the control function must be redefined for each system.

e  Greater energy savings can be achieved when the circulation pump operates optimally across
the entire heating water temperature range.

e It is worth analyzing how the performance of each energy component affects the energy
optimum and its indicator, the COP. In the heating system examined in the case study, the
optimal performance of the circulation pump at 40°C heating water temperature is 230 W, the
well pump’s is 505 W, and the compressor’s is 4050 W. The ratios are: 505:230 = 2.2, 4050:230 =
17.6, and 4050:505 = 8.02. These values show that the compressor’s performance is dominant,
17.6 times higher than the circulation pump. Consequently, the circulation pump has an optimal
performance value, nevertheless, its effect on the COP is slight.

e  Additionally, in the COP equation, the circulation pump’s effective performance appears in the
numerator, but its real performance appears in the denominator. This is another reason why the
circulation pump’s effect on the COP and the energy optimum is slight.

e  The well pump’s expected impact on the COP and the energy optimum is several times greater
than that of the circulation pump. Its performance is 2.2 times greater than the circulation pump
and only 8.02 times lower than the compressor performance. Furthermore, its real performance
appears only in the denominator of the COP equation. Therefore, a significant improvement in
the energy efficiency of the heating system is expected if the well pump’s performance is
optimized.

e A considerable increase in energy efficiency is expected through the simultaneous optimization
of the well pump and the circulation pump performance. This will be the focus of our next
research, applying the same optimization method.

3.058 T T

Surface of the condenser 1,6 [m?] N
Evaporation temperatur 0 [°C]
Superheat 4 [°C]

Warm water inlet temperature
40 [°C]

288

3.048 - - :
158 172 185 199 213 227230 242 257

Circulation pump real performace [W]

o
~J
2

Figure 7. 2D magnified diagram of the COP — Peprat twi= 40 °C.
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Abbreviations
Symbol Meaning Dimension
m Mass flow rate [kals]
k Overall heat transfer coefficient [Wim2/K]
Cp Specific heat, p=const. [J/kg/K]
t Temperature [°C], [K]
At Temperature difference [°C], [K]
Ap Pressure drop [N/m?]
p Pressure [N/m?]
F Heat transfer surface [m?]
M Torque [Nm]
Ad Cross section area [m?]
Ai Latent heat [J/kg]
i Specific enthalpy [J/kg]
P Performance or power, W]
q Heat flow W]
Ko Coefficient of hydraulic resistance
of pipeline in warm water loop [Ws/kg®]
a Convective heat transfer coefficient [W/m?%/K]
COP Coefficient of performance [-1
n Efficiency of pump, and compressor [-]
l Length of pipe [m]
d Diameter of pipe [m]
& Coefficient of hydraulic friction [-1
€ Relative roughness of pipe [-1
Re Reynolds number [-1
p Density [kg/m?]
é Thickness [m]
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Thermal conductivity [WIm/K]
Revolution [sY]
Function [-1

Subscripts and Superscripts

w Water

f Refrigerant

i Input

0 Output

e Evaporator

c Condenser

com Compressor

cp Circulation pump

wp Well pump

la Latent

opt Optimum

In Logarithm natural

e Effective

r Real

1 Vapor cooler section

2 Vapor condensation sectio
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