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The conventional methodology of heat pump integration has found application in various industries, including
cheese production, spray drying, milk evaporation systems, brewing, and meat processing. While several
approaches have been developed for optimizing direct and indirect heat recovery in non-continuous industrial
processes, the optimal integration of heat pumps in non-continuous processes remains a challenge.

This paper introduces a systematic methodology that leverages extensive datasets of time-resolved industrial
process data to determine the optimal heat pump integration and the level of heat pump load flexibility that
maximizes the economic benefit. Thus, the work establishes a connection between the domain of Process
Integration and heat pump load flexibility. Additionally, the study provides insights on the requirements for
load flexibility during the design phase of the heat pump, offering an estimation on the need for research on
heat pump flexibility.

The findings indicate the presence of a load flexibility threshold in the examined case study, beyond
which additional load flexibility yields diminishing returns. Furthermore, the study shows that different heat
pump integration parameters are chosen based on the heat pump’s capability for load flexibility. Within
the investigated case, a heat pump with a minimum load of 55% increases the net present value by 19.3%
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compared to a load inflexible heat pump.

1. Introduction

The urgency for a rapid transition to a low-carbon industry is evi-
dent. Although a clear path for the electrification of process heat has yet
to be determined, a consensus exists within the scientific community
that industrial, large-scale heat pumps will play a significant role in this
transition (IEA HPT Annex 58, 2023). For example, a large variety of
reviews regard the potential for decarbonization by heat pumps. Such
as Kosmadakis (2019) who estimate the potential for decarbonization
by industrial heat pumps. Madeddu et al. (2020) show the potential
of decarbonization by electrification. Ziihlsdorf et al. (2019a) investi-
gated the technologies and potentials for heat supply above 150 °C.
Furthermore, the underlying economics of large scale heat pumps have
been examined by Schlosser et al. (2020), while Marina et al. (2021)
gave an overview of the heat pump market potential. The European
Commission conducted a study on Policy Support for Heating and
Cooling Decarbonization (Gerard et al., 2021), which regards heat
pumps as an essential part for decarbonizing the heat supply. Research
on common faults of large scale heat pumps was carried out by Aguilera
et al. (2022). Jiang et al. (2022) reviewed the technology of high
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temperature heat pumps. A thorough review on transcritical heat pump
cycles for industrial application was carried out by Adamson et al.
(2022). However, a key challenge to the widespread adoption of heat
pumps lies in the identification of their optimal integration parameters
within non-continuous industrial process as this influences economic
and environmental feasibility substantially.

1.1. State of the art

The systematic, thermodynamic approach to heat pump integration
in industrial processes was first developed by Townsend and Linnhoff
(1983). The methodology has been applied to various industries such as
cheese production (Becker et al., 2012), spray drying (Schlosser et al.,
2023; Walmsley et al., 2017), milk evaporation systems (Lincoln et al.,
2022), brewing (Eiholzer et al., 2017) and meat processing (Klinac
et al., 2023).

Several approaches have been developed to optimize direct and
indirect heat recovery for non-continuous process. However, heat pump
integration in a non-continuous process is particularly challenging.
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Nomenclature

Acronyms

aCoOP Annualized mean coefficient of perfor-
mance

CAPEX Capital expenditure

COopP Coefficient of performance

CU Cold utility

DLR German Aerospace Center

GCC Grand Composite Curve

HEx Heat exchanger

HP Heat pump

HU Hot utility

ISSP Indirect source-sink profiles

LMTD Log. mean temperature difference

NPV Net present value

OPEX Operational expenditure

PLF Part load factor

PLR Part load ratio

PR Pressure ratio

R Cash flow

Latin symbols

p Optimization variables
m Mass flow

0 Heat flow rate

a Function coefficient

b Coil pitch

C Correlation constant

[ Cost

D Diameter

E Cost function exponent
f Cost function factor

h Enthalpy

i Discount rate

k Overall heat transfer coefficient
N Number of years

n,m Correlation exponents
Nu Nusselt Number

P Wetted perimeter

Pr Prandtl Number

Q Heat

R Cash flow

r Curvature radius

Re Reynolds Number

s Operational cost savings
T Temperature

u Fluid velocity

w Work

Greek symbols

a Individual convection heat transfer coeffi-
cient

Ap Pressure drop

5 Degradation factor

n Efficiency

Stampfli et al. (2019) demonstrated the integration of a heat pump
storage system into a non-continuous process by a hybrid approach,
combining mathematical optimization and Pinch Analysis. Agner et al.

y Dimensionless pitch

y Function coefficient

A Thermal conductivity

u Dynamic viscosity

p Density

Subscripts

boiler Boiler

carnot Carnot

comp Compressor

cov Heat coverage by heat pump

d Design

el Electricity

fuel Fuel

h hydraulic

ideal Ideal heat pump

inv Investment

is Isentropic

Lang Lang factor

b Lower bound

lifetime Lifetime

lift Lift

min Minimum

om Operating and maintenance

pi Planning and installation

PL Part load

sink Heat sink side of the heat pump
source Heat source side of the heat pump
sys System integration and peripherals

(2022) proposed a graphical approach based on the indirect-source-
sink-profiles (ISSPs) used in thermal energy storage (TES) integra-
tion (Olsen et al.,, 2017). A superstructure optimization to simulta-
neously integrate a thermal energy storage and heat pump into a
multi-period industrial process was carried out by Prendl et al. (2021).

Furthermore, the investigation of the capacity for load flexibility
in industrial processes and heat pump systems is a focal point of
research (Sadjjadi et al., 2023). Walden et al. (2023a) explored the
potential of a heat pump heat storage system to smoothen fluctuations
in energy supplied by renewable generation. The integration of elec-
tricity and heating sectors using heat pumps to efficiently produce heat
and offer demand flexibility has been investigated by Meesenburg et al.
(2018). Padullés et al. (2023) showed that load shifting by a heat pump
storage system improves its business case significantly.

The existent literature demonstrates the advantageous impact of
heat pump integration and heat pump load flexibility on economic
viability and the reduction of greenhouse gas emissions. The work by
Ghaderi et al. (2023) and Walden et al. (2023b) have used dynamic
process data to lever more insights from Pinch Analysis and derived
Dynamic Pinch Analysis. However, none of these studies have success-
fully merged the appropriate process integration of a heat pump with
an evaluation of the impact of the heat pump’s load flexibility, aiming
to achieve the most economically efficient heat pump integration.

By the application of Pinch Analysis and dynamic process data, a
methodology is developed to investigate the economic advantages of
heat pump load flexibility and the optimal degree of heat pump load
flexibility. In this method, the optimal heat pump integration, including
heating capacity and temperatures, is determined, along with the level
of heat pump load flexibility, at which the economic improvement is
maximized.
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1.2. Research objective

The precursor study (Walden et al., 2023b) showed that heat pump
integration can be significantly improved by leveraging dynamic pro-
cess data via mathematical optimization. In comparison to the conven-
tional time-average-method approach, the method determined that a
33% smaller heat pump can cover more operating cases and provide
larger cost and energy savings with the net present value (NPV) and
internal rate of return (IRR) being more than tripled. The study inves-
tigated 8759 time slices of process data and employed mathematical
optimization to find the heat pump integration with the highest NPV
or IRR. Nonetheless, a previous assumption restricted the heat pump
to operate solely under full load conditions. The current work aims
to analyse the improvement in performance that could be achieved
through heat pump load flexibility.

By gradually increasing the load flexibility of the heat pump, the
effects on its integration parameters (Typ, Teource> Osink) and the im-
pact on the value of the investment are investigated. Furthermore, an
optimal degree of heat pump flexibility is determined for a case study.

In order to study these effects, a reduced-order heat pump part load
model is required. An extension to the Carnot model to account for
part load is proposed in Section 2. Consequently, Section 3 explains
dynamic heat pump integration, the underlying optimization problem
and the economic evaluation.

The study addresses the following research questions:

+ Which modelling approaches can be employed to characterize the
part load efficiency of a heat pump?

» What is the optimal level of load flexibility for an industrial heat
pump from a thermo-economic perspective?

» To what extent does the load flexibility of a heat pump influence
its integration parameters (T, Teources Osink» COP) and heat
coverage?

2. Heat pump modelling

Heat pump models are usually derived through basic thermody-
namic relations. Eq. (1) describes the energy balance of a heat pump.

Qsink = Qsource + Wap (@9)

The coefficient of performance (COP) of a heat pump is the ratio of
supplied heat flow rate to work input required (Eq. (2)). Higher COPs
represent a higher efficiency and lower power consumption.

Qsink,d

Q0P = -

()
A common approach to estimate the COP of a heat pump is the
application of a constant 2nd law efficiency 7., as a coefficient to
the maximum theoretical efficiency, as depicted in Eq. (3).
T.
sink 3)

COPy = 71carnotCOPjdeal = Mearnot T T
sink — “source

The Carnot efficiency is defined by:

COP,

= —. 4
Mlcarnot COPygeny 4

By combining Egs. (1) and (2) a relation for the heat load supplied
by the heat pump as a function of the COP and heat source heat load
is derived (Eq. (5)).

COP - Qsource
COP -1
Through the utilization of Egs. (1)-(5), a suitable reduced-order
heat pump model that relies on thermodynamic principles can be
derived. However, this model is not suitable for part load of the heat
pump. The following section extends the model for part load operation.

(5)

sink =
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2.1. Part load heat pump model

The previously outlined thermodynamic model is extended to ac-
count for changes in efficiency during part load operation of the heat
pump.

For chillers or commercial heat pumps, international standards esti-
mate a part load COP using a correction parameter known as the partial
load factor (PLF), which acts as a multiplier to the design condition COP
(Eq. (6)).

COPy, = PLF - COP4 (6)

For example, the AHRI standard 210/240 (AHRI - Air-Conditioning,
Heating, and Refrigeration Institute, 2020) determines the partial load
factor by use of a degradation coefficient (Eq. (7)), typically established
experimentally.

PLF = 1-6(1 —PLR) )

With the part load ratio (PLR) as the ratio between part load heat
flow rate and design heat flow rate of the heat pumps heat sink.

PLR = Qsink,PL

8
Qsink,d ®

However, the approach provides only a linear relation of the COP
in part load.

This work creates a heat pump model based of the individual com-
ponents part load behaviour. It is assumed, that the heat pumps load
is controlled by the compressor power. Furthermore, we assume a pos-
itive displacement compressor and thus, the condenser and evaporator
temperatures can be kept at the same levels in part load. Consequently,
by alternating the compressor power, the heat pump cycles mass flow is
reduced. Varying the compressor power is equivalent with regulating
the heat pump’s load by control of the rotational speed of the com-
pressor. As a result, the changes in component performance are mainly
dependent on the mass flow.

In order to create a reduced order heat pump part load model, a
part load efficiency factor #p;, is introduced.

COPpy, = flcarnot - COPigear - 7L, )

The part load efficiency factor #p;, is determined by dividing the part
load COP by design COP.

COPp;,
COP,

The part load COP is determined by the part load heat sink heat load
and the part load compressor power (11). It should be noted, that the
inefficiencies of the electric motor are neglected. In order to determine
the parameters of the part load COP, the part load behaviour of the
heat pump cycles components have to be modelled and investigated.
The next section breaks down the component models within a standard
vapour compression cycle heat pump, as shown in Fig. 4.

npL(PLR) = 10

O
COPp, = —SmkPL an

VVcomp,PL

2.1.1. Component modelling

Heat exchangers. The heat exchangers partial heat loads are modelled
by a factor fy, which scales the product of overall heat transfer
coefficient and area kA based on the mass flow within the condenser.

Qsink,PL = min,l . (hout,l - hin,l) 12)
= —kA - fya(hgp) - LMTD 13)

The factor fy, is determined by two factors, f; and f,, which
represent the change in heat transfer coefficient of the respective fluids
on each side of the heat exchanger.

kpy, 2

=T 1 a4

JS1(ygp)

ka=k

nominal

Sa(rpp)
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To derive a function f; which represents the change in heat transfer
by reduction of the mass flow, the occurring fluid dynamic effects
need to be understood. When the mass flow is reduced, less fluid
is in contact with the surface of the heat exchanger, which worsens
the convective heat transfer process. Furthermore, the heat transfer
coefficient strongly relies on the governing flow regime. The Reynolds
number (Eq. (17)) is a dimensionless parameter used to characterize
the flow regime. It is related to mass flow rate, fluid density, fluid
velocity, and characteristic length. Thus, the Reynolds number often
appears in heat transfer coefficient correlations as a key parameter. The
hydraulic diameter (Eq. (15)) is applied as the characteristic length (In-
cropera, 2007). Combining Egs. (15)-(17) yields a mass flow dependent
Reynolds number as seen in the second part of Eq. (17).

4A

D, = = 15

h =P (15)

m=p-u-A (16)

Rez 2% On _ 4m a7
U Pu

In summary, the specific relationship between mass flow rate and
heat transfer coefficient depends on factors like flow regime, fluid
properties, and geometrical configurations. As a result, there is not a
universal equation that applies to all situations, and engineers often
rely on experimental data and established correlations for their specific
applications.

The majority of heat transfer coefficient estimations rely on the
Nusselt number (Eq. (18)), wherein the Nusselt number is a function
determined by the Reynolds and Prandtl numbers.

a = Nu(Re, Pr)% (18)

Correlations for the Nusselt number are typically expressed in the
form of Eq. (19), as detailed by Incropera (2007). The widely used
Dittus—Boelter correlation (Dittus and Boelter, 1985) for turbulent flow
in smooth tubes is among these. An extensive overview of correlations
is available in the work of Dorao and Fernandino (2017), with addi-
tional correlations found in references such as (Shah, 1979; Thome,
2005; Han et al., 2006).

Nu = CRe" Pr™ 19)

Condenser. The current work is applying the correlation of Crosser
(1955) to estimate the condensing heat transfer coefficient of the
working fluid. Crosser et al. suggest to use C = 5.03, n = % and m = %
in Eq. (19). Fig. 1 depicts the fit between the heat transfer coefficient
used in TesPy (Witte and Tuschy, 2020) and the correlation of Crosser

et al.

Shell-side fluid. The behaviour of the secondary side heat transfer
coefficient is considered to be similar to shell-side heat transfer. A
correlation (Eq. (20)) dependent on Reynolds- and Prandtl number was
determined by Salimpour (2009) and is applied in this work.

Nu = 19.64 Re0513 01290938 20)
with

b
=L @n

The characteristic dimensions of b = 17 mm and r = 60 mm given
by Salimpour (2009) have been applied.

For reference, the commonly applied Dittus and Boelter (1985)
correlation is illustrated in Fig. 2 with the correlations used in TesPy
and the correlation of Salimpour et al.

Evaporator. Similarly to the condensation correlations, it is difficult to
describe the heat transfer coefficient for evaporation throughout the
full range of a tube with a singular value. Especially considering the
fluid-specific effects, the effects caused by the change of liquid mass
fraction and the ensuing two-phase flow pattern. However, a variety
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Fig. 1. Normalized heat transfer coefficient factor for a condensing fluid based on the
correlation provided by Crosser (1955).

101 .. TesPy
Dittus-Boelter
—— Salimpour etal. .~
0.8 4
0.6
T
E
0.4
0.2
0.0

0.0 0.2 0.4 06 08 1.0
Normalized mass flow (-)

Fig. 2. Normalized heat transfer coefficient factor for a shell-side fluid.

of research (Lin et al., 2023; Ayub et al., 2019; Shah, 2021a,b) tried
to address this issue by complex correlations. A very common one
being the correlation by Chen (1966). This work applies the correlation
provided within the TesPy framework (Witte and Tuschy, 2020).

Compressor. Eq. (22) describes the compressors energy balance. Typi-
cally, a constant isentropic efficiency is assumed to model a compres-
sor. The current model is extended by a factor f. which maps the
change in isentropic efficiency in part load.

I/Vcomp = (Pour = i) - fcomp(mHP) *Nis,d (22)

Fig. 3 shows the normalized change in isentropic efficiency as the
factor f.. The orange line indicates the decrease in isentropic efficiency
in a scroll compressor of a chiller as reported by Cecchinato (2010). A
good fit with the characteristic given in TesPy is provided. It should be
noted, that the efficiency line has been scaled to reach 1 at the design
mass flow conditions. In this study, we applied the f. characteristic
provided by TesPy.

2.1.2. Reduced-order part load heat pump model

To determine the part load COPp;, and consequently the #p; factor
as described by Egs. (10) and (11), the heat pump cycle and its
components are simulated in TesPy. The applied cycle parameters can
be found in Table 1. The part load calculation is conducted with the
previously described characteristics. Furthermore, the heat exchangers



J.V.M. Walden and P. Stathopoulos

1.00 4 WX
¥ .
< B
0.95 %
# P
__0.90+ x
| X
0.85 X :
%
0.80 1 > :
<% TesPy X%
X Cecchinato - B2
04 06 0.8 10 12 14
Normalized mass flow (-)
Fig. 3. Compressor part load efficiency factor.
Table 1
Heat pump cycle parameters.
Parameter Value
Tiourcein °C) 40
Tsource,out (9] 35
Tyinkin CC) 70
Tinkoue (°C) 80
15 (%) 85
X2 () 0
X6 () 1
Apygy (%) 1
Tappmach,HEx () 5
Weomp (KW) 200
PR, (-) 3.59
P (bar) 27.7

Intermediate Loop

c4
Process
c2 c
c3
¢c1 0
c5 | cb

1.

Fig. 4. The heat pump cycle of the reduced order heat pump model. The intermediate
loop connecting the heat pump to the process is also visualized.

are modelled with an outlet to inlet pressure ratio of 0.99 in design
condition. Changing the mass flow in heat exchangers will result in
pressure drops. Thus, in part load, the pressure ratio will be replaced by
a zeta function for all heat exchangers. The zeta value is geometry inde-
pendent. The applied zeta function can be found in the documentation
of TesPy.

Fig. 5 shows the change in part load heat pump efficiency #p;. A
quadratic decrease in efficiency is depicted, with an efficiency peak
above 1 in off design conditions. Although, the peak does not exceed
0.4 %. This is explained by an increased heat transfer due to a decreased
LMTD, which results in slightly higher heat uptake in the evaporator.
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Fig. 5. Part load efficiency factor over part load ratio.

A similar behaviour is found in micro gas turbines (Li et al., 2020).
This decreases the overall temperature difference and thus increases
the COP. By lowering the PLR further, the influence of the decreased
compressor efficiency prevails and the efficiency drops. Furthermore,
the compressor exit temperature increases slightly as the compressor
operates less efficiently in part load. The confluence of these factors
contributes to the quadratic behaviour. Analogous behaviour in the part
load operation of chillers has been documented in the work of Deymi-
Dashtebayaz et al. (2019). The precise part load behaviour is specific
to the working fluid. However, analysing the part load behaviour of
different working fluids exceeds the scope of this paper. For detailed
work on heat pump working fluid selection the reader is referred to
the work of Ziihlsdorf et al. (2019b,a).

Based on the presented results, a polynomial in the form of Eq. (23)
is fitted to create a function for #p; . In this work, R134a is applied. The
coefficients are a; = —0.535, a, = 0.992, a; = 0.543. Fig. 5 shows the
part load efficiency factor #p;. The compressors part load characteristic
is only defined until 55% of design mass flow. Thus, everything lower
than 0.55 PLR is greyed out and depicted by the fitted polynomial.

#pL(PLR) = a;PLR? + ¢,PLR + a, (23)
3. Heat pump integration

Conventional heat pump integration methodology is conducted by
use of the Grand Composite Curve (GCC). The GCC is a comprehensive
representation of the thermal energy flows within an industrial process,
aggregating the supply and demand profiles at different temperature
levels. In the context of heat pump integration, the GCC serves as a
crucial tool for identifying optimal temperature ranges and guiding the
sizing and placement of heat pumps to maximize energy efficiency in
industrial processes. The Appropriate Placement Principle, introduced
by Townsend and Linnhoff (1983), states that a heat pumps heat sink
has to be placed above the Pinch temperature, and the heat pumps
heat source has to be placed below the Pinch temperature in order to
achieve a system improvement. Fig. 6(a) shows a correct heat pump
integration by application of the Appropriate Placement Principle to
the GCC. In Fig. 6(b) the heat pump is correctly integrated, however,
the heat pump violates the process demands depicted by the GCC. This
means, the heat pump supplies more heat at the heat sink temperature
Tyink than required by the process.

Cel
COP > —————. 24)
“fuel /Mboiler
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Temperature T*‘

Q sink

Pinch
Temperature
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-
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Shifted
Temperature T ‘

Qsink /=

Pinch
Temperature

QSOHICB

-
Enthalpy rate difference AH

(b)

Fig. 6. Visualization of heat pump integration by Pinch Analysis. (a) demonstrates the correct integration across the Pinch Temperature. (b) shows an integration across the Pinch
but with a temperature crossover between the heat supply by the heat pumps heat sink and the process heat demand.

Source: The Figures are taken from the authors previous work (Walden et al., 2023b).

The upper limit for the economically achievable temperature lift and
thus the lower limit of the COP of a heat pump is constrained by
the ratio of cost of electricity to reference fuel (Eq. (24)) as described
by Schlosser et al. (2019). An increase in temperature lift leads to a
decrease in COP (Eq. (3)) and an increase in delivered heat by the heat
pump. Thus, by conventional heat pump integration a trade off between
a high COP and a high heat coverage by the heat pump must be found.
The optimum is usually close to the lower limit of the COP defined
by the cost ratios (Eq. (24)), however, this only considers operational
expenditures.

Furthermore, the temperature difference between the heat pumps
streams and the process streams is crucial for the heat pump integra-
tion. The minimum temperature difference must be maintained at all
times to ensure heat transfer and consequently heat supply by the heat
pump to the process. The minimum temperature ATy, difference
is calculated as proposed by Stampfli et al. (2019). The heat pump
is assumed to be connected through an intermediate loop (Fig. 4).
The heat transfer between the intermediate loop and the heat pump
is assumed to require a lower temperature difference of 3/4 ATy, due
to a higher heat transfer coefficient of latent heat transfer. Within the
GCC, the temperatures are shifted by 1/2 ATyg,. Thus, the total required
temperature difference between the heat pump and the GCC amounts
to 5/4 ATyg,. With a ATy, of 5 K, ATy 1, equals 6.25 K.

3.1. Dynamic heat pump integration

While conventional heat pump integration relies on a single or a
handful of operating points to design a suitable and economic heat
pump, Dynamic Heat Pump Integration relies on a full annual set of
process data and can thus provide more insight in the correct choice of
a heat pump. Thus, it can also predict the energy savings and monetary
savings more accurately. The heat pump’s main parameters (source
temperature, sink temperature, sink heat load) are determined through
mathematical optimization with the objective to maximize the benefit
of the investment.

3.2. Optimization

Mathematical optimization is employed to address the challenge of
sizing and placement of a heat pump and to exploit the advantages of
Dynamic Heat Pump Integration.

Table 2
The bounds of the optimization variables.
Tyource (°C) Tyinic °C) Osource (KW)
Bounds [10, 40] [41, 200] [0, 2000]

The optimization problem is described in Egs. (25)-(28). The objec-
tive is to maximize the NPV (Towler, 2012; Turton et al., 2012) within
the investments lifetime.

max NPV (25)
p

P = [Tsource> Tsink- Qsink] (26)

st Ogink < Ohot,cec 27)

Qsource < Qcold,GCC (28)

Table 2 depicts the applied bounds for the optimization variables.
The optimization problem is solved by differential evolution (Storn and
Price, 1997) with the SciPy optimization library (Virtanen et al., 2020).

Fig. 7 gives an overview of the calculation order within the opti-
mization. Firstly, a feasibility check is performed, which includes the
following parameters:

« Is heat below the pinch temperature available, which could serve
as heat source?
* Is the lower bound of Te smaller than PT — AT, 1p?

+ Are the chosen T and Ty, above and below the PT, respec-
tively?

If all the queries can be answered with a yes, the heat pump is
feasible. Consequently, a value for PL is calculated. PL is the ratio of
the heat load Q'gcc required by the process at temperature Ty, and
the design heat load of the heat pump Qg 4. This parameter indicates
the extent to which the heat pump needs to operate in part load to
remain operable. Thus, the PL parameter is equal to the PLR (Eq. (8)).
Consequently, if PL is within the bound set by PLy,, the heat pumps
part load parameters are calculated based on the PLR and consequently,
its residual utility load and operating cost. The part load lower bound
PLy, is slowly increased to constraint the heat pumps minimum relative
load until it is only operable in full load (100%) conditions. This
approach is akin to an e-constraint method, employed to illustrate the
influence of part load capability rather than merely incorporating it as
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Is feasible? Use utility
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Table 3
Parameters for the economic evaluation.
Value

CHU 80 (€/MWh)
Ccu 40 (€/MWh)
Cel 160 (€/MWh)
Dyjfetime 20 (y)
i 7 (%)

PL <1 and
PL>1 PL > PL_Ib?
Apply design Infeasible Apply part load
parameters parameters

i i

[ Calculate residual utility and operating cost ]

Fig. 7. Overview of the calculation order within the optimization.

an optimization variable. Furthermore, PL;;, can be used to constraint
the technical feasible minimum load of the heat pump.

The heat pump is modelled through the previously described
reduced-order part load model and evaluated by the fitted second-order
polynomial.

However, if PL is greater than 1 the process requires more heat at
Tink than the design heat load of the heat pump, which means the heat
pump does not have to operate in part load. Design conditions apply
and residual utility and cost calculations are run.

3.3. Economic evaluation

The NPV is calculated according to Eq. (29). Where R, are the cash
flows in year x. The discount rate i and the investment lifetime N. It
is assumed that both the interest rate and cash flows remain constant
over the evaluation period.

& R

The cash inflows of the NPV correspond to the savings s (Eq. (30))
realized in operating expenditures (OPEX) through the utilization of a
heat pump for heat supply instead of conventional utility. Additionally,
the initial capital expenditure (CAPEX) associated with the heat pump
constitutes a negative cash inflow in the initial year. The specific
economic parameters are depicted in Table 3.

§ = Copex,no hp ~ Copex,hp (30)

In Walden et al. (2023b) several large-scale heat pump capital
cost functions have been compared. The CAPEX of the heat pump is
estimated by Eq. (31) proposed by Schlosser (2021) with the addition of
an operation and maintenance factor of 1% of the CAPEX. The applied
parameters within the cost function can be found in Table 3.

-F
Ciny = fup - Qsi};}l’( “fpr - fsys “fom (€20)]

Another important parameter for the evaluation of the heat pump
is the heat coverage. The heat coverage determines the percentage of

Parameters of CAPEX function Schlosser (2021)

. {1521 (€/kWy) ifQSi“k < 210kW,,
349.5 (€/kWy,)  if Qg > 210kW,,
By {0.637 ifQSink <210kW,,
0912 ifQyy > 210kW,,
£ 1.25 ()
s 1.8 )
[ 1.01 (5

heat covered by the heat pump annually.

L

Qgink dT

Ocoy = /"ts—‘“k -100 (32)
fo Oyydr

4. Case study

The considered case study is the same as in the preceding re-
search (Walden et al., 2023b) in order to show the impact of heat
pump flexibility in process integration. The study is based on the
process data of a transient simulation of a paintshop process similar to
Giampieri et al. (2020). The study assumes continuous hourly operation
over the entire year, covering all 8759 h in the simulated process
data. Fluctuations in heating and cooling demands are predominantly
influenced by weather conditions. Fig. 8 shows the processes individual
hourly GCCs.

It should be noted that this study focuses on the targeting of heat
pump integration based on the existing process demand states and thus
it does not focus on the specifics of the underlying process.

125 1

=
~ o
w o

L L

Shifted temperature
3

251

0 500 1,0'00 1,5:00 2,600 2,5'00 3,0'00
Enthalpy rate difference H (kW)

Fig. 8. Visualization of the Grand Composite Curves throughout the 8759 process
states.
Source: The case study is taken from the authors previous work (Walden et al., 2023b).
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Fig. 9. The effect of the minimum part load ratio PLR;, the NPV. The dotted grey line
represents heat pump parameters with no part load efficiency change, while the solid
line illustrates the NPV of heat pumps which have a altered efficiency when operating
in part load. 100% PLR_;, represents a minimum load of 100% indicating a heat pump
without load flexibility.

5. Results

The optimization methodology detailed in Section 3.2 is imple-
mented in the context of the case study.

PLR,;, denotes the minimum relative load of the heat pump con-
cerning its design load. If PLR;, is set to 100%, the heat pump is only
able to operate at the design heat sink heat load (Qyjy 4)- Analogous, a
heat pump with a PLR,;, of 60% can operate as low as 60% of Qg 4-
Thus, it is capable of reducing its heating load by 40%. This means, it
can operate at any heat load between 60% and 100% of Qg 4.

A more flexible heat pump has different optimal integration point
than a less load flexible one. Consequently, the heat pump integration
parameters (Tyni, Tsource> Osink) are optimized and thus vary for each
PLR,;, value. For example, a heat pump that is able to operate at 0.8
PLR,,;, is likely to have different optimal parameters — which includes
the integration parameters and the resulting parameters such as COP,
coverage, cost — and a different integration point than a heat pump
which is capable of 0.6 PLR ;.

Fig. 9 shows the effect on the NPV by decreasing the minimum part
load ratio PLR;, of the heat pump. In all Figures, the dotted grey
line represents heat pump parameters assuming no efficiency change
in part load, while the solid line illustrates the heat pump parameters
incorporating the part load model described earlier (Section 2). An
incremental enhancement in the achievable minimum part load ratio
PLR,,;, results in substantial NPV gains. However, in the investigated
case study, values below 40% PLR,;, do not significantly enhance the
investment’s value. For example, a more flexible heat pump with a
PLR,,;, of 5% — meaning it can operate as low as 5% of its design heat
load - does not provide an economical benefit over a heat pump with
a PLR,;, of only 40%. The gains in heat pump load flexibility result in
diminishing returns, indicating that further increases in load flexibility
yield no improvements in the investment’s value.

Fig. 10 depicts the design COP,4 as solid line and as shaded area,
the COP range for each PLR ;,. With increased flexibility, the optimal
COPj, increases. Which means, a heat pump with a higher flexibility is
integrated with a different temperature lift. Thus, different heat source
or heat sink temperatures. The annualized mean COP, aCOP, is always
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Fig. 10. Comparison of the design COP for different PLR;, ratios. The shaded area
indicates the operational range of the COP. aCOP is the annualized mean COP.
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Fig. 11. The installed heat source and heat sink heat load of heat pumps with different
operable minimum part load ratios PLR;,. The shaded area marks the operating span,
while the solid line indicates the design value. The right side axis shows the heat
pumps power, as can be derived from the energy balance (Eq. (1)).

greater than the 100% PLR COP, which indicates one reason for the
significantly improved NPV. However, similar to the NPV, the COP4
converges at 40% PLR;;,, which means additional flexibility potential
is not required nor beneficial to achieve the optimal business case in
the current case study.

In Fig. 11 the heating capacity of the heat source and heat sink is
depicted. The heat pumps work input is visualized in a similar manner.
The required work input for a heat pump can be determined based
on its energy balance (Eq. (1)). The shaded area shows the operating
range of the heat pumps heat load throughout the analysed year. With
decreasing PLR;,, the heat pump is more load-flexible and thus, the
operating range and shaded area is larger.
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Fig. 12. Percentage of annual heat demand covered by the heat pumps over the
feasible level of PLR,
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For reference, the work of Meesenburg et al. (2020) showed that
large changes in heat pump load are realizable within short time frames
to provide ancillary service to the power grid. The work investigated a
two-stage ammonia heat pump with a variable speed piston compressor
for district heating.

The increase in heating capacity is anticipated, because a larger heat
pump can be installed, which is still able to cover operating cases with
a lower heat demand at the heat sink temperature. The installation
of a larger heat pump, however, results in increased CAPEX, which
ultimately leads to an economic limit in installed heating capacity. The
ascending trend in heating capacity converges at 50% minimum load
PLR,,;,, mirroring the trends observed in OPEX and NPV. A heat pump
with a PLR;, set to 50% has an increased heating capacity Qg of
an additional 70 kW compared to an optimal heat pump which only
operates at full load, i.e. 100% PLR;,. In terms of relative percentage
change, this corresponds to a 38% increase in installed heating capac-
ity. Simultaneously, the heat source heating capacity experiences an
enhancement, amounting to an additional 46 kW in heating capacity —
an increase of 43%. Both installed heat loads increase nearly linear with
PLR;;,- The required heat pump power is increased by only 24 kw,
which accounts to 31%. This efficiency gain is due to an increased COP
as seen in Fig. 10.

An increase in the heat pumps heating capacity beyond 256 kW
is not economically beneficial. This can be explained by the steep
temperature glide of the process streams as seen in the GCC. Increasing
the heat pumps heating capacity beyond 256 kW would require a
higher temperature lift and consequently lower the COP, thus perform
worse in OPEX. An abstraction between the inclination of the process
stream m%,,’ the capacity of the heat pump and the operating cost is

required. However, this is beyond the scope of this work.

However, a larger and more flexible heat pump is expected to
enhance the heat coverage. Hence, Fig. 12 examines the influence
of load flexibility on the annual heat coverage. The heat coverage is
defined in Eq. (32) as the ratio of annual heat supplied by the heat
pump and the total heat demand. A marginal increase in heat coverage
is observed as the minimum feasible load decreases. This leads to the
conclusion that the enhancements in NPV are not primarily driven by
an increase in annual heat coverage, but by an increase in average
annual efficiency as depicted in Fig. 10.
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Another benefit of the proposed methodology is, that each heat
pump parameter is evaluated at each hour throughout year and thus,
can be analysed. Fig. 13 shows the operating COP over the entire
operating range of 8759 h of different heat pumps which can achieve
PLR i, of 30%, 70% and 90%, indicated by the colours. The solid line
shows the design value, the dotted line the annual mean value and the
transparent line visualizes the operational value at the corresponding
time step. The visualization leads to three main observations as the
PLR,,;i, is lowered:

1. An increasing fluctuation in operational COP

2. A steadily growing design COPy

3. Part load operation only occurs in summer and the transitional
period

Observation (1) explains why a heat pump with PLR;, = 90% and
no efficiency change in part load #p;, = 1 does not perform significantly
better than a heat pump with part load efficiency losses (see dotted line
in Fig. 9): because the heat pump rarely operates in part load. This can
lead to marginal gains in efficiency (see Eq. (10)). On the other hand,
a heat pump with a lower minimum load PLR,;;;, has a larger heating
capacity and thus, operates more frequently in part load. Operating
more frequently in part load leads to decreases in efficiency. The data
depicted in Fig. 13 shows that the annualized mean COP for a heat
pump with a higher PLR;, is significantly lower than its design COP.
This is not the case for less flexible heat pumps. However, it should
be noted that the COP never drops below the electricity to reference
fuel price ratio (Eq. (24)) of 2 and thus, never operates economically
unfavourable. Observation (2) confirms the described behaviour in
Fig. 10.

Fig. 14 shows a load-duration curve of the heat pumps heat flow rate
at the heat sink. A load-duration curve visualizes the energy demand
against the duration for which the demand occurs. The 100% PLR;,
heat pump clearly shows an operation only at the design heat flow rate
spanning over the operating hours. As the achievable minimum load is
stepwise increased to 0%, the heat pumps show a higher heat load for
the majority of operating hours and flexible heat loads beyond 4000
operating hours. This behaviour is increasing constantly. However, as
previously highlighted, the heat pumps with a PLR;, below 40% do
not show any change in trend and overlap in the load-duration curve.

Furthermore, the integral of the load-duration curve is the heat
covered throughout the analysed time period. The area for the non-
flexible heat pump and the increasingly load flexible heat pumps are
roughly equal, as demonstrated in Fig. 12. Thus, in the analysed case,
the main economic benefit of a load flexible heat pump is the increased
efficiency in COP by a reduced temperature lift while maintaining the
same heat coverage of the process heat demand.

Fig. 15 explores the impact of various heat pump integrations on the
NPV resulting from increased load flexibility potential. It is evident that
a higher heat pump Carnot efficiency #¢,mo: substantially elevates the
NPV. However, the Figure shows that the heat pumps minimum load
PLR,,;, has a greater impact on the NPV of the heat pump integration
when 7,0 is lower. The optimum NPV for a heat pump with a 40%
Nearnot 1S achieved at a 40% PLRmin, while a heat pump with a 60%
Nearnot Teaches its NPV peak at 85% PLR,;,. This implies that a more
efficient heat pump does not necessitate the same level of flexibility as a
less efficient heat pump to attain its most advantageous integration and
performance. It should be mentioned, that this might vary depending
on the underlying boundary conditions and process.

6. Conclusion

The present work proposes a reduced order part load heat pump
model and addresses the impact of heat pump load flexibility on its
process integration and design parameters.

The findings of the case study reveal that a flexibility threshold
exists, beyond which part load operation leads to diminishing returns.



J.V.M. Walden and P. Stathopoulos

Journal of Cleaner Production 462 (2024) 142643

COP (-)

— Design —— 90 % PLRmin HP
2304 Operational —— 70 % PLRyin HP
T e Mean —— 30 % PLRmin HP
0 1000 2000 3000 4000 5000 6000 7000 8000
time (h)

Fig. 13. Annual behaviour of the COP for the different heat pump integrations which can achieve a minimum load PLR;, of 30%, 70% and 90%. The straight lines indicate the
design COP,4, while the shaded lines show the operational COP at each hour. The dotted line indicates the annualized mean COP. It should be noted, that infeasible heat pump

operating cases are not displayed.

250

200

150

Qsink, pL. (KW)

100

50

0 1000 2000 3000

4000

PLRmin (%)
—— 0
20
40
50
60
70
80
90

BN ER S

8000

5000 6000 7000

Hours (h/a)

Fig. 14. A load-duration curve for the heat sink heat load of the heat pumps. Different colours and markers visualize heat pumps with different minimum loads PLR ;.

In the specific context of this study, this threshold is identified at a
minimum load of 45%. The capacity for load flexibility up to this
threshold corresponds to a 19% increase in the Net Present Value
(NPV) of the investment. Furthermore, it was found that increasing the
minimum part load ratio does not increase the annual heat coverage
by the heat pump while maximizing net present value. Instead, a
comparable level of heat coverage is maintained, accompanied by an
increase in Coefficient of Performance and heating capacity of the heat
pump.

Additionally, the Carnot efficiency of a heat pump reduces the
dependency on flexibility for achieving optimal investment returns for
the investigated case study. These insights emphasize the importance
of carefully balancing load flexibility, system size, and efficiency to

10

achieve optimal heat pump performance and economic viability. How-
ever, it should be noted, that the efficiency and heat pump parameter
trends may differ depending on the investigated case study.

The present work inspires a variety of ideas for future work. The
implementation of a multi-objective optimization appears promising
for enhancing both the annual heat coverage rate and flexibility in the
context of economical decarbonization.

Furthermore, a generalization on the connection between the
economically-optimal heat pump integration parameters and the pro-
cess stream temperature glide would be highly advantageous. Such a
generalization could find broad utilization as it would be universally
applicable.
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Table A.1
Result dataset.
PLRin Tsource Tink Osink Osource cop P Tiie NPV OPEX CAPEX Op. hours Ocov
(%) (9] (§®)] (kW) &w) (O] kW) (O] k€) k€) k€) h) (%)
0.0 17.2 68.9 256.1 159.3 2.6 96.8 51.7 549.6 1760.5 123.6 7558.0 7.8
5.0 17.1 68.4 256.5 160.3 2.7 96.3 51.3 549.4 1760.5 123.8 7557.0 7.8
10.0 17.2 69.1 256.0 159.1 2.6 97.0 51.8 549.7 1760.5 123.6 7559.0 7.8
15.0 171 68.7 257.7 160.4 2.6 97.3 51.6 549.5 1760.4 124.3 7558.0 7.8
20.0 17.1 68.5 256.1 159.8 2.7 96.2 51.4 549.5 1760.5 123.6 7563.0 7.8
25.0 17.1 68.4 256.1 160.0 2.7 96.0 51.2 549.4 1760.5 123.6 7561.0 7.7
30.0 17.2 68.8 256.0 159.4 2.6 96.5 51.6 549.6 1760.5 123.6 7558.0 7.8
35.0 17.2 68.7 256.0 159.5 2.6 96.5 51.5 549.5 1760.5 123.6 7557.0 7.8
40.0 17.2 69.0 255.9 159.2 2.6 96.8 51.7 549.6 1760.5 123.6 7559.0 7.8
45.0 17.3 69.8 256.6 158.3 2.6 98.3 52.6 549.3 1760.5 123.8 7556.0 8.0
50.0 17.5 71.4 255.1 155.2 2.6 99.8 53.9 547.1 1760.8 123.2 7555.0 8.2
55.0 18.0 72.0 242.3 147.4 2.5 94.9 54.1 544.2 1761.6 117.5 7556.0 8.0
60.0 18.4 72.7 231.0 140.4 2.5 90.6 54.2 540.4 1762.4 112.5 7551.0 7.9
65.0 18.6 73.8 227.3 137.1 2.5 90.3 55.1 536.0 1763.0 110.9 7546.0 7.9
70.0 19.0 74.5 219.3 131.7 2.5 87.6 55.5 530.5 1763.9 107.3 7550.0 7.8
75.0 19.3 75.1 211.2 126.6 2.5 84.5 55.8 524.1 1764.8 103.7 7548.0 7.7
80.0 19.5 76.2 209.4 124.3 2.5 85.0 56.8 516.3 1765.6 103.0 7546.0 7.8
85.0 19.6 77.2 206.8 121.8 2.4 85.0 57.6 504.9 1766.8 102.2 7544.0 7.9
90.0 19.9 77.6 198.9 117.1 2.4 81.8 57.7 491.7 1768.2 99.7 7548.0 7.7
95.0 20.2 77.7 189.5 111.9 2.4 77.6 57.5 477.3 1769.9 96.6 7544.0 7.4
100.0 20.5 78.3 184.9 108.8 2.4 76.1 57.9 460.4 1771.6 95.1 7544.0 7.2
x103 50
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Fig. 15. The impact of the Carnot efficiency on the economics of heat pump flexibility.
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Appendix

Supplementary data on this article are given below.
Appendix A. Result dataset

The results of the optimizations are displayed in Table A.1.
Appendix B. Relative change in parameters with PLR;,

Fig. B.1 displays the relative change of each parameter for an
optimized integration for each value of minimum part load PLR;,.

Where 100% PLR_;, is the case in which the heat pump is only operable
at 100% load.
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Fig. C.1. Load-duration curve for the process total heat demand over the investigated time horizon. The heat pumps heat sink heat loads are for heat pumps with different

capabilities for load flexibility.
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Fig. C.2. Load-duration curve for the process total cooling demand over the investigated time horizon. The heat pumps heat source heat loads are visualized for heat pumps with

different capabilities for load flexibility.

Appendix C. Load-duration curves for process heating and cooling
requirement

Fig. C.1 shows the load-duration curve of the process total heat
demand. Furthermore, Fig. C.1 has been added to show the heat sink
heat loads of the heat pumps in the context of the process heat demand.
However, this Figure should be interpreted cautiously as it does not
visualize the temperature glide of the heat demand.

Analogous, Fig. C.2 shows the process total cooling demand in a
load-duration curve. In this Figure, the heat source heat load of the
heat pumps are also visualized for different load flexible heat pumps,
with different PLR,;, values.
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