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Abstract: The electrification of process industries is one of the main challenges when building a low-carbon
society since they consume huge amounts of fossil fuel generating different emissions. Heat pumps are one of
the instruments to perform industrial sector of carbon-neutral market players. This paper proposes an
approach to improve the economic feasibility of heat pumps within the process plants. Initial energy targeting
with Grand Composite Curves was used and supplemented with the detailed design of the evaporator and
compressor for different condensation and evaporation pressures. The trade-off between the capital cost of the
heat pump and the electricity cost was investigated and optimal configurations were selected. The case study
investigates the gas fractioning unit of a polymer plant where three heat pumps were integrated into distillation
columns. The results demonstrated that the heat recovery is 174 MW and requires an additional 37.9 MW of
electricity to reduce hot utility by 212 MW. The selection of evaporation and condensation pressure of heat
pumps allows saving of 21.5 M€/y for 7 years of plant operation.

Keywords: process integration; heat pump; heat exchangers; industry electrification; energy saving;
emission reduction; economic assessment

1. Introduction

The use of energy-saving technologies plays an important role in sustainable development and
reducing environmental impact. One such technology that has become widely used is heat pumps.

A heat pump (HP) makes it possible to use low-potential heat sources and convert them into
high-potential heat that can be used in production processes and the integration of renewable
energies [1]. Heat pumps can be configured for different conditions and production requirements,
making them the ideal choice for a variety of industries.

The use of heat pumps plays an important role in achieving energy efficiency, reducing the use
of fossil energy resources, reducing negative emissions and protecting the environment. This enables
industrial companies to reduce their ecological footprint, improve market competitiveness and
contribute to sustainable development.

Heat pumps are used extensively in a variety of industries — primarily in the chemical,
processing and food industries. The design strategy for or heat pump-assisted distillation system
were proposed many yeas ago [2] but its importance inceased recently when environmental issue
became a hot topic. Paper [3] investigates the recovery and upgrading of low-potential heat sources
using HP (to generate useful process heat) and low-temperature heat engines (to generate electricity).
The relevance and impact of wet compression on the performance of the HP are considered. In [4] a
comparison of the parameter of specific energy consumption of heat pump dryers, combustion
heated dryers and electrically heated dryers is made. In work [5] on an example of a dairy plant the
application of the high-temperature HP is studied and a comparative assessment of reduction of CO:
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emissions from heat pumps and boilers operating on natural gas is given. Similarly, in [6] for a dairy
farm, a comparison is made of the heat pump water-heater (ASHPWH) system with other options:
natural gas boiler, electric, liquefied petroleum gas (LPG) instant water heater, a solar water heater
with an electric or natural gas backup.

The case study for the brewing process [7] considers an HP system with two parallel heat sources
at different temperatures and times. Analysis of the proposed HP system shows that the CO:
production from the consumption of electrical energy is reduced by 60%.

The use of HP is also widespread in the agricultural sector. Works [8-10] analysed the
application of different types of TH for greenhouse heating, heating water used for watering and hot
technical water preparation, including the assessment of technical aspects and cost-effectiveness of
implementation. Heat pumps can also be used for district cooling of the residential sector during the
summer by the use of existing district heat systems [11]. The authors [12] consider the energy, exergic,
exergoeconomic and exergo-environmental analysis of an underfloor heating system integrated with
the geothermal HP. Here, the distribution of losses in the system over the elements of the system
separately is investigated, and the equivalent CO: emissions of heating a greenhouse with natural
gas and an HP system are compared. In [13], the possibility of designing and building a coupled
geothermal HP is confirmed. Based on the results of the assessment of the energy potential of the
solar and geothermal sources, the energy balance in the greenhouse is calculated to determine the
parameters of the geothermal HP using the vapor compression cycle.

Using the coal-fired power plant as an example, Zhang et al. [14] considered a cogeneration
system based on an organic Rankine cycle (ORC) and absorption heat pump (AHP) to improve power
output and heating capacity. The efficiency analysis shows that this cogeneration system can increase
the power output and heating capacity of the plant. Cao et al. [15] compared the efficiency of different
high-temperature HP systems to recover the heat from wastewater from the oil field and produce hot
water. The analysis of the data obtained on system energy consumption and efficiency provides
recommendations for the selection of a suitable heat recovery system with high heat output for
industrial applications.

Another example of the application of an open absorption heat pump (OAHP) system combined
with flash evaporation for coal-fired flue gas is the work of Zhang et al. [16]. An exergy analysis of
the proposed schemes showed an improvement in the exergy efficiency of the optimized systems.

Su et al. [17] performed thermodynamic modelling and performance evaluation of a heat pump
dryer by combining liquid desiccant dehumidification and mechanical vapour recompression. The
comparison of the working principles and the performance of the proposed system and the reference
system showed that the proposed scheme improves the energy efficiency of the heat pump drying
system.

The potential for using an HP with CO2 as a working medium for the apple drying process was
considered in [18]. An analysis of the system simulation results showed that the use of a closed-loop
system is effective, but also leads to an increased drying time.

In the oil and chemical industry, it is common to use traditional distillation systems to separate
mixtures of liquids. However, this process requires considerable use of fossil fuels as a heat source.

Waheed et al. [19] looked at a de-ethanisation unit of a Nigerian refinery as an example and
enhanced the vapour recompression heat pump (VRHP) models that were developed to reduce heat
loss and heat pump size. These strategies are based on reducing the heat differential across the heat
pump by utilizing the process stream within the system, the external process stream and the utility
streams.

For the production of n-butyl acetate and isopropyl alcohol, Liu et al. [20] proposed the heat
pump-assisted dividing wall column for a reactive distillation system and a heterogeneous
azeotropic distillation system. HP-assisted dividing wall columns are beneficial for cases where clean
and highly effective electricity generation technologies are adopted and long-term profitability is
considered.
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Long et al. [21] proposed an energy-efficient sequence for the natural gas liquid fractionation
process. A hybrid system with a side reboiler and heat pump-assisted was proposed to maximize
energy efficiency.

Long et al. [22] considered different HP configurations to improve the energy efficiency of
distillation columns for separating R-410A and R-22. Top vapour superheating was proposed for
improving the performance of the HP configuration, as well as for protecting the compressor from
liquid leakage. The possibility of replacing the throttle valve with a hydraulic turbine, which would
reduce the operating costs, is being considered.

Zhu et al. [23] analyzed the separation process of cyclohexane/sec-butyl alcohol/water
azeotropic mixture by extractive distillation. The distillation process is optimized based on a
sequential and iterative optimization algorithm. For further energy savings, several energy-
optimized processes are proposed: the thermally coupled extractive distillation process(TCED), heat
pump extractive distillation process (HPED), and heat pump combined with thermal coupling
extractive distillation process (HPCWTCED).

Sulgan et al. [24] reviewed the production of ethyl acetate using an HP and presented a multi-
objective evaluation based on energy requirements, economic analysis and safety analysis. As a
result, the use of TH is highly recommended in both the conventional process and reactive column
with a separation unit. Since a higher level of process integration is achieved with an HP, economic
aspects are improved but at the same time, the safety aspects are worsened.

The application of HP in the distillation process may be the solution for process electrification.
The case study in [25] analysed the natural gas liquid processing and assessed electrified thermal
utility. The targeting for appropriate HP placement resulted in increased heat recovery and a
reduction of energy cost by up to 41 %.

Florian Schlosser et al. [26] have reviewed HP and identified concepts for their integration across
industries and processes based on the Grand Composite Curve (GCC) and demonstrated the savings
potential. Kim et al. [27] proposed an optimal heat exchange network (HEN) with HP in a wastewater
heat recovery system in the textile industry. The authors considered a two-step approach to design a
heat exchange network and made an economic evaluation to minimise costs and maximise energy
efficiency.

Case studies [28] and [29] of a milk spray dryer case study focused on the modelling and
optimization an HP for convective dryers considering Pinch design principles. Different schemes for
the integration of the drying process were considered, as well as the optimization of the operating
parameters for maximum efficiency. Lincoln et al. [30] presented a fully electric milk evaporation
system developed through an effective Process Integration and Electrification design method. A
sensitivity analysis of the final process design was conducted, which showed that it applied to a wide
range of operating conditions. The authors of [31] proposed a Pinch-based Total Site Heat Integration
(TSHI) method, which is used for multi-level heat pump integration options at a meat processing site.
The results of the Total Site approach in coke-to-chemicals demonstrated the appropriate placement
of HP within inter-plant integration and showed a fast payback of 1.04 years [32].

In [33], several levels of heat integration were considered to reduce the energy consumption of
a bioethanol plant. When the external energy demand and total annual cost of the different
configurations, the authors concluded that the application of a heat pump is not recommended
because of its high investment cost.

Paper [34] investigates the technical and economic performance of high-temperature heat
pumps for use in the U.S. dairy industry. A model was created to estimate the coefficient of
performance (COP), internal rate of return (IRR), net present value (NPV), and payback period (PBP).
Capital costs, operations and maintenance (O&M) costs, heat pump lifetime, electricity prices, natural
gas prices, and the cost of carbon were varied to conduct a parametric study of the factors affecting
the break-even price of high-temperature HPs.

The authors [35] investigated a high-temperature cascade HP system using low-potential heat
from wastewater to produce steam for industrial processes, developing a mathematical model of the
system to analyze thermodynamic performance and economic efficiency.
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Paper [36] combines thermo-economic optimization with a solar thermal-assisted heat pump
and a storage system. Here, two case studies are considered as examples: a dairy industry and a 2G
bioethanol plant. A thermal and economic evaluation of the system was carried out to the supply of
the heat load at the temperature level required at the required process temperature under different
conditions and operating temperatures in the evaporator. Based on the established thermodynamic
states the operating conditions of each HP component have been determined.

The authors of [37], [38] and [39] investigate the use of different types of refrigerants by
comparing the performance of HP systems in terms of economics: total cost rate, investment and
operating costs, capital costs of equipment, cost of CO2 penalty, energy and exergy efficiency, and
NPV. The authors [40] consider a wet compression—resorption heat pump (CRHP) which operates
NH3-H20 and NH3-CO2-H20 systems. The simple pay-back period for replacing an existing boiler
with a CRHP system is calculated, depending on gas and electricity prices forecasted, the total
investment costs, the installation costs, the annual fuel consumption costs, the operation and
maintenance costs, the capital return coefficient. In paper [41] the integration of high temperature HP
into a trigeneration system is proposed and analyzed. An exergy analysis was carried out to compare
the proposed energy system with the traditional one (separate production, cogeneration,
trigeneration). The economic evaluation has been analyzed using the methodology of the present
value of electricity.

Papers [42] and [43] consider the thermodynamic and economic possibilities of using high-
temperature and steam-generating HP in pulp and paper, textile, and automotive industries. The
costs of consumption, investment, heat and maintenance are compared, taking into account the
energy price and interest rate. In [44] a capacity-regulated HTHP system using a twin-screw
compressor for waste heat recovery is proposed. Here, an economic comparison is made between the
HTHP system and steam heating: thermal power of energy consumption, unit price, operating costs,
capital costs, savings percentage, and payback period.

The authors of [45] and [46] evaluated the technical and economic feasibility of producing
energy, steam and regenerative low-potential heat energy using mechanical vapour compression
(MVC) heat pumps and absorption heat pumps, respectively. The authors [47] present an extensive
economic analysis and environmental impact assessment of Heat Pump-Assisted Distillation under
different conditions and scenarios: feed composition, plant capacity, and fuel price. Capital and
operating costs, percentage of energy savings, payback period, total annual costs, and sensitivity
analysis was performed.

In [48] optimization of tobacco drying HP recovering waste heat from monocrystal silicon
furnace was considered. The issue is analyzed from the energy and economic side, investigating the
influence of the heat exchange area on the system performance. A thermo-economic and economic
model of the system is developed and experimentally verified.

The analysis underlines the prospective application of HP in industrial production belonging to
different branches. Thus it is shown, that the majority of researchers are interested in the conjugate
decision of questions of increase of efficiency of work of thermal installations and achievement of
ecological stability. In terms of their performance heat pumps markedly exceed almost all other
available technologies, and the feasibility of their application is confirmed by technical and economic
calculations by comparing many parameters.

This work analyses the application of HP within the industrial processes updating the tageting
procedure by GCC. Different condensation and evaporation pressures of HP are used for the detailed
design of HP heat exchangers. The trade-off between energy cost and capital cost for obtaining a
detailed configuration of heat pumps was analysed and the best economic solution was selected. It is
applied for the gas fractioning process of the polymer plant where 3 heat pumps were analysed
utilising the waste heat of distillation column condensers to column reboilers. The results of the case
study provided the background for the discussion on the author's hypothesis of the improvement of
the economic feasibility of the HP application.
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The remaining part of the paper gives the framework and method description (Section 2),
followed by case studies of the gas fractioning process of polymer plant (Section 3), a discussion of
the results in Section 4 and conclusions.

2. Materials and Methods

The method proposed in the current paper is based on the scientific hypothesis that there is a
trade-off between energy and capital costs when applying the heat pump in industrial processes. The
application of the heat pumps in distillation columns is more complex due to phase changes of the
heat carriers on both sides of the heat exchanger. The reduced capital costs, energy costs and total
annual cost of heat pumps are analyzed for different condensation and evaporation
temperature/pressure of refrigerant.

The algorithm treating the proposed methodology is following:

1. Definition of the process streams that should be heated and cooled by heat pump with the use

of the GCC (Figure 1).

2. Placement of the heat pump and set the initial energy targets for both thermal energy and power
specifying the current ATmin between process and utility (refrigerant).

3. Simulation of the Heat Pump in Aspen HYSYS [49] environment under the pressure acceptable
drop of the condenser and reboiler.

4. Based on the simulation results, the calculation of the detailed configurations and capital costs

of the condenser and reboiler.

Calculation of the compressor capital cost.

Calculation of the annualized capital cost of the HP equipment using the cost factors.

Calculation of the total annualized cost (TAC).

Changing the refrigerant pressure in the compressor inlet/outlet and repetition of the previous

steps.

9.  Selection of the HP configuration with min TAC.

10. Perform a sensitivity analysis of the results by applying different electricity prices.

®» N
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Figure 1. Different options for the HP integration within the industrial processes.

The algorithm is based on the following mathematical formulations.
Mass and heat balances are calculated from Equations 1 and 2.
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Heat transfer area is defined for shell-and-tube heat exchangers from Equation (3):

Q = UAAT,yFt 3)

where Ft factor taken equal to 1 for full countercurrent and ATim defined from Equation (4):

AT, = (TinH B Toutc‘) B (ToutH B TinC)
o In (TinH — ToutC) (4)
(ToutH - Tinc)
The overall heat transfer coefficient is defined by the film for condensation outside of a
horizontal tube with Kern correlations [50]:

1
kgPI%AHVAP9>4 (5)

he = 0.725
¢ ( dop AT

and evaporation of kettle and horizontal thermosyphon reboilers is due to [51]

P 0.17
hws = 0.182P2q"7 (=) (6)
Pc
The detailed designs of the condenser/reboiler and its price were found with Aspen EDR Heat
Exchanger software.
COP of HP is found from simulation results in Aspen HYSYS:

+W
COPyp = Q’“’T

The capital cost of the compressor is defined capital cost of the compressor was estimated based
on Chemical Engineering Indexes and Marshall and Swift by Equation (8):

)

0.46

CAPEX gomy = 98,400 (525)  £(©)- @) - F(m) (8)

where f(m) is the correction factor for materials of construction, f(p) is the correction factor for
design pressure and £(t) is the correction factor for design temperature.

The annualized capital cost of the HP was obtained from condenser, evaporator and compressor
cost using the fractional interest rate (FIR), loan period (NY) and Lang Factor (Lang). Lang Factor
accounts for the cost of installation, piping, control system, insulation, engineering fees and other

costs.
ACC = (CAPEXomp + CAPEX;ong + CAPEXgyqp) - Lang - <w) )
(1+ FIR)NY —1
Energy cost was found using the electricity target of HP and average electricity cost:
EC=W-c, (10)

TAC was calculated based on capital cost and energy cost obtained from Equations 9 and 10.

TAC = ACC + EC (11)
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3. The case study

3.1. Process description

The case study examines the streams of the gas fractioning unit of the polymer plant and
integrates three heat pumps into the process to electrify the thermal utility for further use of
renewable energies. This paper examines the operation of three heat pumps using Refrig-21 as a
refrigerant.

HP-1. The refrigerant vapour flow with a temperature of 57.26 °C and a pressure of 480 kPa
enters the compressor, where the refrigerant vapour is compressed to 900 kPa. From the compressor,
the refrigerant with a temperature of 96.31 °C is directed to the condenser, where the refrigerant is
cooled and condensed due to heat exchange with heat consumers (flow with a temperature of 79.97
°C and a pressure of 1011 kPa). The condensed liquid refrigerant with a temperature of 82.29 °C and
a pressure of 895 kPa passes through the control valve, where the refrigerant is throttled. Next, the
refrigerant with a temperature of 57.65 °C and a pressure of 485 kPa enters the evaporator. The
refrigerant evaporates, giving off the heat of evaporation to cold consumers (flow with a temperature
of 66.46 °C and a pressure of 907 kPa).

HP-2. The refrigerant vapour flow with a temperature of 52.37 °C and a pressure of 420 kPa
enters the compressor, where the refrigerant vapour is compressed to 900 kPa. From the compressor,
the refrigerant with a temperature of 99.30 °C is directed to the condenser, where the refrigerant is
cooled and condensed due to heat exchange with heat consumers (flow with a temperature of 79.97
°C and a pressure of 1011 kPa). The condensed liquid refrigerant with a temperature of 82.29 °C and
a pressure of 895 kPa passes through the control valve, where the refrigerant is throttled. Next, the
refrigerant with a temperature of 52.80 °C and a pressure of 425 kPa enters the evaporator. The
refrigerant evaporates, giving off the heat of evaporation to cold consumers (flow with a temperature
of 57.35 °C and a pressure of 1911 kPa).

HP-3. The refrigerant vapour flow with a temperature of 45,94 °C and a pressure of 380 kPa
enters the compressor, where the refrigerant vapour is compressed to 2000 kPa. From the compressor,
the refrigerant with a temperature of 157.9 °C is directed to the condenser, where the refrigerant is
cooled and condensed due to heat exchange with heat consumers (flow with a temperature of 99.06
°C and a pressure of 775 kPa). The condensed liquid refrigerant with a temperature of 120.8 °C and a
pressure of 1995 kPa passes through the control valve, where the refrigerant is throttled. Next, the
refrigerant with a temperature of 46.43 °C and a pressure of 355 kPa enters the evaporator. The
refrigerant evaporates, giving off the heat of evaporation to cold consumers (flow with a temperature
of 54.33 °C and a pressure of 1914 kPa).

The thermal and physical properties of all process streams were simulated in the UniSim
environment. The simulation details of heat pumps are shown in Figure 2. The properties of process
streams are shown in Table 1. The material and energy balances of heat pumps are presented in Table

3.
— < —
Control
valve
to cold
consumer to heat
consumer
to to
compressor condenser

b T
Evaporator Condenser

Power to
Compressor compressor
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Figure 2. PFD of heat pump simulated in UniSim Design..

Table 1. Composition of process streams.

Streams Mass flow, Component mass fractions
kg/h Ethane Propane i-Butane n-Butane i-Pentane n-Pentane Refrig-21
HP-1
To condenser 1,867,979 - - - - - - 1.0000
Tocold ) 146 672 - 0.0364 05551  0.4085 - - -
consumer
Toheat ) 57 954 - - - 0.9987  0.0013 - -
consumer
HP-2
To condenser 389,690 - - - - - - 1.0000
To cold 254492  0.0159 09092  0.0718  0.0032 - - -
consumer
Toheat ) g54 - - ~ 09990  0.0010 - -
consumer
HP-3
To condenser 1,493,798 - - - - - - 1.0000
To cold 761,491 00116 09863  0.0021 - - - -
consumer
To h
ofeat 3018 - - - ~ 04105 03355  0.2540
consumer
Table 2. Parameters of the heat pump equipment.
Parameters Evaporator Condenser
HP-1 HP-2  HP-3 HP-1 HP-2 HP-3
Duty, kW 95,889 19,703 62,185 106,692 22,430 82,863

Tube side feed mass flow, kg/h 1,867,979 389,690 1,493,798 1,867,980 389,690 1,493,798,
Shell side feed mass flow, kg/h 1,146,672 254,492 761,491 1,297,954 272,854 1,131,018,

Tube inlet temperature, °C 57.65 52.80 45.44 97.07 99.30 138.12
Tube outlet temperature, °C 58.00 52.37 44 .95 82.29 82.29 106.04
Shell inlet temperature, °C 66.46 57.35 54.35 79.97 79.97 99.06
Shell outlet temperature, °C 62.97 54.00 47.83 79.80 79.81 102.30

Tube inlet pressure, kPa 485 425 345 900 900 1,500
Tube outlet pressure, kPa 480 420 340 895 895 1,495
Shell inlet pressure, kPa 907 1900 1914 1,011 1,011 775
Shell outlet pressure, kPa 902 1,906 1,909 1,006 1,006 770
Compressor
HP-1 HP-2 HP-3
Power, kW 10,804 2,727 20,678
COP 9.88 8.22 4.01

Table 3. Mass and Energy balance of heat pump.

Inlet streams Outlet streams
Stream name Mass flow,  Energy flow, Stream name Mass flow, Energy flow,
§ kg/h kW 4 kg/h kW

HP-1
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1,146,672

1,297,954

254,492

272,854

761,491

1,131,018

4,864,481
0.00 %

-799979

-757482

-186,317

-159,236

-562,317

-689,339

-3,154,670
-8.14 e-009 %

3.2. Scenarios

3.2.1. Scenario 1: The influence of changes in pressure at the condenser inlet on the operating

parameters of the HP at a constant pressure at the evaporator outlet is analyzed.

The temperature and pressure of the refrigerant flow at the outlet of the evaporator remain
constant. An increase the flow pressure in the flow pressure at the inlet to the condenser led to an
increase in the flow temperature after the condenser, an increase in the power consumption of the

compressor and a decrease in the COP parameter. The results of Scenario 1 are presented in Table 4.

Table 4. Data for Scenario 1.

HP-1 HP-2 HP-3
St;,irt Endpoint St;,irt Endpoint Stz?rt Endpoint
point point point
Evaporator
Inlet pressure, kPa 480 420 340
Evaporation 57.26 52.37 44.95
temperature, °C
Condenser
Inlet pressure, kPa 900 1,300 900 1,300 1,500 1,900
Condensation 82.29 99.08 82.29 99.08 106.00 118.11
temperature, °C
Compressor
Fower C‘i(r@umpmn’ 10808 17,934 2727 4.234 20678 25020
COP 9.87 5.95 8.22 5.30 4.01 3.31

3.2.2. Scenario 2: The influence of changes in pressure at the evaporator outlet on the operating
parameters of the HP at a constant pressure at the condenser inlet is analyzed.
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The pressure at the inlet of the condenser and the temperature of the refrigerant flow after the
condenser remains constant. Reduction in the flow pressure at the outlet of the evaporator led to a
decrease in the temperature of the refrigerant flow at the inlet of the compressor, an increase in the
power consumption of the compressor and a decrease in the COP parameter. The results of Scenario

2 are presented in Table 5.

Table 5. Data for Scenario 2.

HP-1 HP-2 HP-3
Sta.rt Endpoint Sta.rt Endpoint Sti.il't Endpoint
point point point
Evaporator
Inlet pressure, kPa 480 101 420 120 340 101
Evaporation 57.26 9.55 52.37 13.13 44.95 8.53
temperature, °C
Condenser
Inlet pressure, kPa 900 900 1500
Condensation 82.29 82.29 106.00
temperature, °C
Compressor
Fower C‘Lr;svumphon’ 10808 33442 2727 6,549 20678 34,035
COP 9.87 3.19 8.22 3.43 4.01 244

3.2.3. Scenario 3: The influence of changes in pressure at the evaporator outlet and condenser inlet
on the operating parameters of the HP is analyzed.

Simultaneous reduction of the flow pressure at the outlet of the evaporator and increase the flow
pressure at the inlet of the condenser led to a decrease in the temperature of the refrigerant flow at
the inlet of the compressor, increase in the temperature of the refrigerant flow after the condenser,
increase in the power consumption of the compressor and a decrease in the COP parameter. The
results of Scenario 3 are presented in Table 6.

Table 6. Data for Scenario 3.

HP-1 HP-2 HP-3
St;,irt Endpoint St;,irt Endpoint Stz?rt Endpoint
point point point
Evaporator
Inlet pressure, kPa 480 101 420 120 340 101
Evaporation 57.26 9.55 52.37 13.13 44.95 8.53
temperature, °C
Condenser
Inlet pressure, kPa 900 1,300 900 1,300 1,500 1,900
Condensation 82.29 99.08 82.29 99.08 106.00 118.11
temperature, °C
Compressor
Fower C‘i(ra]umpmn’ 10808 40,234 2727 8,089 20678 38502
€0) 4 9.87 2.65 8.22 277 4.01 2.15

3.3. Variables and Constraints
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For the economic assessment of HP operation parameters, the following variables were used:

e Y=8670h;
o Lang=4.72;
e FIR=0.1;

e NY =7 years;
e  Cemin = 0.12 EUR/kWh (minimal EU price), ceavg = 0.21 EUR/kWh (average EU price), ce max =

0.39 EUR/kWh (maximal EU price) [52];

e Condenser pressure;
e Evaporator pressure;
e Compressor power;
e COP;
e Heat transfer area of the condenser;
e Heat transfer area of the evaporator.
The next constraints were used:
e Minimum pressure at the compressor inlet 101.3 kPa;
¢ Maximum pressure at the compressor inlet of HP-1 480 kPa;
e Maximum pressure at the compressor inlet of HP-2 420 kPa;
¢ Maximum pressure at the compressor inlet of HP-3 380 kPa;
e  Minimum pressure at the compressor outlet of HP-1 900 kPa;
e  Minimum pressure at the compressor outlet of HP-2 900 kPa;
e  Minimum pressure at the compressor outlet of HP-3 2000 kPa;
o The acceptable condenser pressure drops (tubes/shell) is 5 kPa;
e The acceptable evaporator pressure drop (tube/shell) is 5 kPa;
e Compressor efficiency (adiabatic) is 75 %;
e Heat exchanger type is shell-and-tube for both evaporator and condenser;
e Tube type is plain;
o The tube material is carbon steel.

The design and cost of the condenser and evaporator were selected using the Aspen
Exchanger Design & Rating application. The next Aspen databases were used for capital
cost assessment of condenser and evaporator [53]:

e D_FXPRIV.PDA Private properties chemical databank properties;
e D_IDPRIV.PDA Private properties chemical databank index;

e D_VAPRIV.PDA Private properties chemical databank properties;
e N_MTLDEF.PDA Default materials for generic materials (ASME);
e N_MTLDIN.PDA Default materials for generic materials (DIN);

e N_MTLCDP.PDA Default materials for generic materials (AFNOR);
e N_PARTNO.PDA Part number assignment for bill of materials;

e N_PRIVI.PDA Private properties materials databank index;

e N_PRIVP.PDA Private properties materials databank properties;
e N_STDLAB.PDA Fabrication standards, procedures, costs, etc.;

e N_STDMTL.PDA Fabrication standards as function of materials;

e N_STDOPR.PDA Fabrication operation efficiencies;

e N_STDWLD.PDA Fabrication welding standards;

e N_STDPRC.PDA Private materials prices.
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4. Results and discussion
4.1. Heat pump 1.

4.1.1. Average electricity price

The results of the TAC assessment of HP 1 for all three case studies are presented in Figure 1.
The correlation of Scenario 1 has a minimum condenser pressure of 1,050 kPa and the overall trend
has extremum. The correlation of Scenario 2 shows that TAC is increasing from the starting point of
condensing pressure 480 kPa to the endpoint of 101.3 kPa. The TAC in Scenario 3 has also an
increasing trend from the starting point to the end when both, condensation and evaporation
pressure, are changed. The minimum TAC of all three case studies resulted in Scenario 1 and it is
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Figure 3. Total annual cost correlation of Heat Pump 1 for average electricity price: (a) scenario 1; (b)
scenario 2; (c) scenario 3.

The capital cost distribution between compressor, evaporator and condenser is shown in Figure
4.In Scenario 1 (Figure 4a), the share of capital cost is shifting between the condenser and compressor,
while the evaporator cost remains almost the same from calculation point 3. Minimum TAC is
observed for calculation point 4 (Figure4a). Evaporator cost is dominated in Scenario 2 (Figure 4b)
while decreasing the evaporation pressure. The share of the evaporator cost is between 62 and 72 %.
The compressor cost in Scenario 3 (Figure 4c) is the highest in capital cost share and it is increasing
due to COP reduction.
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Figure 4. Capital cost allocation of Heat Pump 1: (a) scenario 1; (b) scenario 2; (c) scenario 3.

The total cost share is shown in Figure 5 and the energy cost is about 50 % for two calculation
points, further, the decrease in COP energy cost is determinative. If the minimum TAC of heat pump
1, is shown in Figure 5a, point 4 and the share of energy cost is 72 %.
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Figure 5. Total cost distribution of Heat Pump 1 for average electricity price: (a) scenario 1; (b) scenario
2; (c) scenario 3.

4.1.2. Sensitivity for min and max electricity prices

The basic analysis of all heat pumps was done for average electricity prices in the EU. Additional
assessments were also done for minimum and maximum EU electricity prices to see the sensitivity
of the obtained results. Reducing the energy price moves the extremum of the TAC trendline of
Scenario 1 into the higher compressor pressure (Figure 6a) but the minimum of the calculation
remains at the same point for a condensation pressure of 1,050 kPa. The increase in energy price
moves the min TAC point to a condensation pressure of 900 kPa and overall trends become increasing
(Figure 6b). The changes in total cost share of Case Study 1 for min and max energy prices are shown

in Figure 7.
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Figure 6. Total annual cost correlation of Heat Pump 1 for scenario 1: (a) min electricity price; (b) max
electricity price.
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Figure 7. Total cost distribution of Heat Pump 1 for scenario 1: (a) min electricity price; (b) max
electricity price.

Changes in energy prices do not affect seriously the TAC cost trend of HP 1 in Scenario 2 which
is demonstrated in Figure 8, minimum value remains for condenser pressure 480 kPa. The share of
energy and capital cost is shown in Figure 9.
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Figure 8. Total annual cost correlation of Heat Pump 1 for scenario 2: (a) min electricity price; (b) max
electricity price.
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Figure 9. Total cost distribution of Heat Pump 1 for scenario 2: (a) min electricity price; (b) max
electricity price.

The reduction of energy price affects the results of Scenario 3 of the HP 1 and extremum appears
for calculation point 3 with an evaporation pressure of 400 kPa and condensation pressure of 1,000
kPa (Figure 10a). This case can be seen in Figure 11a, and the share of energy cost is 60 %, which less
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than for min TAC with average electricity prices. The increase in energy prices does not influence the
nature of the trend line.
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Figure 10. Total annual cost correlation of Heat Pump 1 for scenario 3: (a) min electricity price; (b)
max electricity price.
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Figure 11. Total cost distribution of Heat Pump 1 for scenario 3: (a) min electricity price; (b) max
electricity price.

4.2. Heat pump 2.

4.2.1. Average electricity price

The correlation of the TAC for HP 2 is more complicated than for HP 1. Figure 12 demonstrates
the min TAC for Scenario 1 (Figure 12a) and Scenario 3 (Figure 12c) but Scenario 3 has more apparent
extremum. The TAC in Scenario 2 (Figure 12b) has an increasing trend while decreasing evaporation
pressure. The minimum TAC is found for Scenario 1, and it is 8.56 M€ for a condensation pressure of
1,050 kPa. The minimum TAC of Scenario 3 is 8.77 M€, which is very close to first one and it is found
for condensation pressure 950 kPa and evaporation pressure of 390 kPa.
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Figure 12. Total annual cost correlation of Heat Pump 2 for average electricity price: (a) scenario 1; (b)
scenario 2; (c) scenario 3.

The distribution of capital cost shows the highest share of the condenser cost for Scenario 2
(Figure 13b) and the increasing share of compressor cost for Scenario 3 (Figure 13c). The distribution
of equipment cost for Scenario 1 is not linear (Figure 13a). The condenser cost is decreasing while the
compressor and evaporator cost is fluctuating.

The share of energy and capital cost for Scenario 2 is shown in Figure 14. It should be noted that
the share of energy cost, for the case studies with extremum of TAC, is 68 % for Scenario 1 (point 4)
and 62 % for Scenario 3 (point 2).

Capital cost allocation Capital cost allocation

100% 100%
50% 90%

80% 20%
70% 70%
60% 60%
50% S0
40% 40%
30% 30%
20% I 20%
10% 10%

0%

1 2 3 4 5 5 7 s 9 1 2 3 4 5 6 7 8 9

0%

m Condenser, EUR B Evaporator, EUR & Compressor, EUR  Condenser, EUR  mEvaporator, EUR & Compressor, EUR

(a) (b)


https://doi.org/10.20944/preprints202402.0217.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2024 doi:10.20944/preprints202402.0217.v1

18

Capital cost allocation

100%
90%
80%
70%
60%

50%
40%
30%
20%
EEEER
0%
1 2 3 4 5 6 7 8 9

m Condenser, EUR  m Evaporator, EUR Compressor, EUR

(©

Figure 13. Capital cost allocation of Heat Pump 2: (a) scenario 1; (b) scenario 2; (c) scenario 3.
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Figure 14. Total cost distribution of Heat Pump 2 for average electricity price: (a) scenario 1; (b)
scenario 2; (c) scenario 3.

4.2.2. Sensitivity for min and max electricity prices

The investigation of the results for Scenario 1 obtained for max EU electricity price demonstrates
that minimum TAC is observed for condensation pressure 950 kPa (Figure 15b). The min electricity
price does not affect seriously to the results of Scenario 1 and min TAC remains at 1050 kPa
(condenser) that is confirmed by the correlation in Figure 15a. The share of the energy cost for the
solutions with min TAC of HP 2 is 54 % for min electricity prices and 71 % for max EU electricity
prices (Figure 16).
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Figure 15. Total annual cost correlation of Heat Pump 2 for scenario 1: (a) min electricity price; (b)
max electricity price.
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Figure 16. Total cost distribution of Heat Pump 2 for scenario 1: (a) min electricity price; (b) max
electricity price.

The results of Scenario 2 for max and min EU electricity prices are shown in Figures 17 and 18.
Min energy prices move the min TAC point to evaporation pressure 380 kPa but the extremum is not
strongly marked. Max energy prices do not affect seriously to TAC trendline.
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Figure 17. Total annual cost correlation of Heat Pump 2 for scenario 2: (a) min electricity price; (b)
max electricity price.
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Figure 18. Total cost distribution of Heat Pump 2 for scenario 2: (a) min electricity price; (b) max
electricity price.

The results of Scenario 3 for min energy prices shifts the min TAC to point 3 (condensation
pressure 1,000 kPa, evaporation pressure 340 kPa) (Figure 19a). Max energy prices remain the min
TAC at the same process condition (Figure19b). The share of the energy cost is 61 % for min electricity
price and 76 % for max electricity price (Figure 20).
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Figure 19. Total annual cost correlation of Heat Pump 2 for scenario 3: (a) min electricity price; (b)
max electricity price.
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Figure 20. Total cost distribution of Heat Pump 2 for scenario 3: (a) min electricity price; (b) max
electricity price.
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4.3. Heat pump 3.

4.3.1. Average electricity price

The investigation of the TAC results for all scenarios of HP 3 shows that the correlation is
monotonous and increases while condensation pressure increases or evaporation pressure decreases.
It is well-illustrated in Figure 21. The same situation is for capital cost distribution where the share of
the compressor increase for condenser pressure increase and evaporator pressure reduction (Figure
22). High share of energy cost in TAC is for all three scenarios and this value is more than 80 % (Figure
23). It can be justified by low COP of HP 3 in comparison to two previous ones.
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Figure 21. Total annual cost correlation of Heat Pump 3 for average electricity price: (a) scenario 1; (b)
scenario 2; (c) scenario 3.

Capital cost allocation Capital cost allocation

100%

100%
90% 0%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 208
10% I I I 10%

0% 0%

1 2 3 4 5 6 7 8 9 ! ? 3 4 o o 7 8 9
m Condenser, EUR  m Evaporator, EUR Compressor, EUR m Condenser, EUR  m Evaporator, EUR Compressor, EUR

(a) (b)


https://doi.org/10.20944/preprints202402.0217.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2024 doi:10.20944/preprints202402.0217.v1

22

Capital cost allocation

100%
90%
80%
70%
60%
50%
40%

30%
20%
SEEERE
0%
1 2 3 4 5

®m Condenser, EUR  m Evaporatar, EUR Compressor, EUR

(©

Figure 22. Capital cost allocation of Heat Pump 3: (a) scenario 1; (b) scenario 2; (c) scenario 3.
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Figure 23. Total cost distribution of Heat Pump 3 for average electricity price: (a) scenario 1; (b)
scenario 2; (c) scenario 3.
4.3.2. Sensitivity for min and max electricity prices

The investigation of the results for min and max electricity prices does not change the overall
picture and just changes the share of electricity prices in overall TAC distribution (Figures 24-28).
The use of HP 3 is recommended for operation conditions defined from the targeting by the GCC.
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Figure 24. Total annual cost correlation of Heat Pump 3 for scenario 1: (a) min electricity price; (b)
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Figure 25. Total cost distribution of Heat Pump 3 for scenario 1: (a) min electricity price; (b) max
electricity price.
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Figure 26. Total annual cost correlation of Heat Pump 3 for scenario 2: (a) min electricity price; (b)
max electricity price.
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Figure 27. Total cost distribution of Heat Pump 3 for scenario 2: (a) min electricity price; (b) max
electricity price.
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Figure 28. Total annual cost correlation of Heat Pump 3 for scenario 3: (a) min electricity price; (b)

max electricity price.
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Figure 28. Total cost distribution of Heat Pump 3 for scenario 3: (a) min electricity price; (b) max
electricity price.

4.4. Impact of the results.

The obtained results of HP integration into the specific process of polymer plant demonstrated
that energy targets obtained from GCC were not always the best solution, especially, an economic
one. Itis very important when applying heat pumps of high capacity on an industrial scale, the results
should be impressive for potential investors and plant owners. Table 7 demonstrates the results of
HP calculation for a gas fractioning unit of a polymer plant proposed by a modified targeting
approach (optimised). These results are compared with the ones obtained by traditional targeting
with the use of the GCC. HP 3 can be applied with its initial operation mode and targets defined by
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GCC. HP 1 and HP 2 can be adjusted by selection of the evaporator and condenser temperature to
reduce the overall cost. In both cases, the condensation pressure should be changed and TAC
reduction is 6 % for HP 1 and 50 % for HP 2.

However, the energy cost and electricity consumption are higher than defined for the base case.
This issue is important when electrifying the energy system to the grid and applying renewable
energies. On the one hand, we have a more economically viable solution for heat pump applications,
and, on another hand, there is more electricity is required from the grid. This issue should be
additionally investigated in terms of economic aspects of grid extension driven by renewable
energies. It can be also used for appropriate planning of energy needs in future energy systems.

Table 7. Comparison of the results of heat pump application.

HP-1 HP-2 HP-3
Targeting Targeting Targeting
(Base Optimised (Base Optimised (Base Optimised
case) case) case)
Evaporator
Inlet temperature, °C 57.65 57.65 52.80 52.80 45.44 45.44
tlet t
Outle ef&perat‘“e’ 58.00 58.00 52.37 52.37 44.95 44.95
Heat duty, kW 95,888 92,825 19,703 19,092 62,185 62,185
LMTD 7.32 7.32 2.66 3.09 5.12 5.12
H f
eat trarr;sz Crard 24029 22,921 6,199 5,672 9,998 9,998
Condenser
Inlet temperature, °C  97.07 107.75 99.30 109.33 138.12 138.12
Outlet tef(‘:peramre’ 82.29 89.57 82.29 89.14 106.04 106.04
Heat duty, kW 106692 106,697 22,430 22,430 82,863 82,863
LMTD 7.46 17.17 8.08 17.41 16.45 16.45
H f
eat trarr;sz crared 67957 17,229 72,576 2,648 13,782 13,782
Compressor
Inlet pressure, kPa 480 480 420 420 340 340
Outlet pressure, kPa 900 1,060 900 1,050 1,500 1,500
Power, kW 10,804 13,877 2,727 3,338 20,678 20,678
CcoP 9.87 7.69 8.22 6.72 4.01 4.01
Economic indicators
Annual Cﬁgltal st 16,619 9,353 12,673 2,811 8,150 8,150
Energy cost, k€/y! 18,611 23,901 4,696 5,747 35,608 35,608
Total a;‘g/‘;al st 35031 33255 17,369 8,559 83,758 43,758

6. Conclusions

This paper presented the results of heat pumps integration into the industrial process of the
polymer plant. Electrification of the thermal utility of distillation columns of the gas fractioning unit
was done by three heat pumps utilising 212 MW of waste heat. The approach for reduction of the
cost for heat pump application is proposed that is based on the detailed simulation of heat pump heat

U Defined for average energy prices
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exchangers and overall operation conditions. The trade-off between capital cost and energy cost was
investigated and optimised operation conditions of heat pumps were selected. The results were
compared with the ones obtained by energy targeting with the Grand Composite Curves.

The total annual costs of Heat Pump 1 and Heat Pump 2 were reduced by 6 % and 50 %
respectively, in comparison to the configuration of heat pumps targeted by Grand Composite Curves.
But it requires an increase of electricity consumption of 22 % and 18 % for Heat Pump 1 and Heat
Pump 2 and additional thermal utility for cooling increased by 3 % for both heat pumps. The total
annual cost for the application of both heat pumps is reduced by 21.5 M€, which may be impressive
for the investors when integrating heat pumps into the specific polymer plant. Heat Pump 3 can be
applied with the same operating conditions as defined by the Grand Composite Curve.

The total saving of thermal hot utility by all three heat pumps is 212 MW, which was initially
covered by steam generated by fossil fuel burning. It corresponds to a saving of 1.41 ktCOz/y if
considering the carbon intensity of fossil fuel of 0.163 tCO2/kWh.

This approach can update the targeting procedure that is used for THE pinch-based approach
to reduce the total annual cost when integrating heat pumps within the industrial sectors. The utility
pinches can be also characterised by a higher temperature approach that simplifies the design of
condensers and reboilers.
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Nomenclature

A Heat transfer area (m?)

ACC Annual capital cost (€/y)

Ce Electricity prices (€/kWh)

CAPEXgyap Evaporator capital cost (€)

CAPEX comp Compressor capital cost (€)

CAPEXona Condenser capital cost (€)

COPyp Coefficient of performance (n/d)

dgy Outside diameter of tube (m)

EC Annual energy cost (€/y)

f® Correction factor for materials of construction (n/d)
f») Correction factor for design pressure (n/d)

f(m) Correction factor for materials of construction (n/d)
FIR Fractional interest rate per year (%)

Ft Correction factor of heat transfer (n/d)

g Gravitational constant (9.81 m-s?)

he¢ Condensing film coefficient (W-m2K-")

hj" Enthalpy of the inlet stream (k] kg)

out
hj

Enthalpy of the outlet stream (k] kg)
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hys Nucleate boiling coefficient (W-m=2K-1)
Ji Number of process streams, (n/d)
k;, Thermal conductivity of the liquid (W-m-1-K-)
Lang Lang factor (n/d)
mn Mass flow of the inlet stream (kg h-)
M J-O“t Mass flow of the oulet stream (kg h-1)
Mipsses Losses of mass flows (kg h1)
NY Bank loan period (y)
P Operating pressure (kPa)
P Liquid critical pressure (kPa)
Q Heat duty (W)
q Heat flux (W-m2)
Qnp Heat absorbed by heat pump at low temperature (W)
Quosses Energy losses (W)
TAC Total annual cost (€/y)
Tinc Inlet temperature of the cold stream (°C)
Tinu Inlet temperature of the hot stream (°C)
Toutc Outlet temperature of the cold stream (°C)
Toutn Outlet temperature of the hot stream (°C)
U Heat trasfer coefficient (W-m2K-+1)
Ww; Power (W)
AHy »p Latent heat (J-kg—1)
ATy Logarithmic temperature difference (°C)
AT Temperature difference across the condensate film (°C)
U Viscosity of the liquid (kg-m™-s?)
pL Density of the liquid (kg-m=)
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