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A comparative assessment of electrification strategies for industrial sites:
Case of milk powder production

Fabian Buhler™, Benjamin Zihlsdorf!, Tuong-Van Nguyen! and Brian Elmegaard*

!Department of Mechanical Engineering, Technical University of Denmark, Nils Koppels Allé, Bygning 403, 2800 Kgs. Lyngby,
Denmark

Abstract

Denmark has the ambitious plan of being independent from fossil fuels by 2050 and to run the entire
energy system based on renewable energy sources. One of the most likely scenarios is a bigger deployment of
wind farms and a massive electrification of the industry and transportation sectors. In 2016, the industry sector
accounted for 20 % of the final energy use, which was by more than 50 % covered directly with fossil fuels.
Electrification is a promising way for decarbonizing this sector but it will require significant economic
investments and changes of the infrastructures. In this work, several strategies for electrifying industrial
processes, based on the integration of heat pumps and electric heaters are presented. They were compared
using energy, exergy, economic and environmental performance indicators. The production of milk powder
was taken as a case study, as current factories are energy-intensive and require high-temperature heat generated
by natural gas combustion. The highest energy efficiency and lowest exergy destruction was found for a system
using a central heat pump system, with energy savings of 65 %. The implementation of decentralised heat
pumps that exchange heat between process streams and electric heaters, results in smaller reductions of only
56 %. These two systems are likely profitable based on the energy price forecasts from 2020, but the decentral
system allows for a gradual implementation of the most cost-effective measures.

Highlights
o Strategies for electrification of industrial sites to reduce fossil fuel use
o Energy, exergy, environmental and economic analysis of electrification scenarios
e Evaluation of an all-electric milk powder production with heat pump integration
e Comparison of scenarios with future energy prices and emissions
¢ Quantification of cost and emission reductions through heat pump integration

Keywords: Electrification, industry, economic analysis, energy efficiency, heat pump, exergy analysis.

1 Introduction

The Danish energy system will become independent of fossil fuels and largely based on electricity from
renewable sources, following the latest national energy agreement [1]. The last energy plan set by the Danish
government aims at having 50 % of the final energy demand covered by renewables in 2030 and focuses as
well on energy efficiency improvements. Around 20 % of the energy in 2016 was used in the industry, and
out of this almost 70 % was used for the manufacturing industry [2]. The manufacturing industry in Denmark
is dominated by food industries, such as dairy and beverage production, and the production of building
materials and pharmaceuticals. More than 50 % (70 PJ) of the energy used in manufacturing industries was
derived from fossil fuels, mostly for heat supply purposes. Around 35 % was electrical energy which is an
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increase of 6.7 %-points since 1990. However, the majority of the fossil fuels in the manufacturing industry
was used for supply of process heat. In future energy scenarios, which are based on a higher share of wind
energy, a large part of the low-temperature heat (< 100 °C) should be covered by heat pumps, while the
majority of the medium (100 °C to 200 °C) and high temperature heat (> 200 °C) would be supplied by electric
heaters or biomass boilers [3]. A more efficient use of electricity is required to reduce the share of biomass in
medium- and high-temperature processes [1], while the utilization of high-temperature heat pumps is a
promising approach. There are several benefits for industries through electrification [4], such as faster, more
precise and more efficient heating. A report by the National Renewable Energy Laboratory [5] investigated
the electric technology adoption for the United States. While the transport sector experienced the greatest
adoption rate in the investigated scenarios, the industry sector was found to use electric technologies primarily
when also productivity benefits were present. The authors assumed that industrial end uses experience many
barriers to electrification that are associated with profitability and production disruptions. Wiese and Baldini
[6] created a conceptual model of the industry sector, focusing on the energy end-use processes and measures
for fossil fuel reductions. Together with fuel substitution and energy efficiency measures, electrification is
seen as a viable option to reduce fossil fuel use. The authors point out that for many industries the shift to
electricity is challenging, especially if processes are highly based on gas use (e.g. in slaughterhouses and for
production of building materials). A more detailed analysis is thus recommended to find the optimal
substitution approach. These works show that electrifying the industry is challenging and requires more
detailed case studies due to the heterogeneity of this sector compared to transport and households.

The production of milk products is an important business area and constitutes a high share of agricultural
products [7]. Milk powder is a particularly energy intensive product, as raw milk requires thermal treatment,
cooling, and water removal in evaporators and dryers [8]. Raw milk processing requires primary energy of
between 0.61 kWh per ton of milk in France and 0.36 kWh per ton of milk in the United Kingdom in 2000.
This large difference results from different levels of adaptation of energy efficiency measures, but more
importantly on the share of energy intensive milk products. For instance, milk powder requires 3.08 MWh per
ton of powder.

An exergy analysis of a milk powder factory was performed by Yildirim and Genc [9], where the use of
geothermal energy for preheating the drying air was studied. A similar analysis [10] was performed by the
same authors for the milk pasteurisation process, where a vapour absorption cycle was included for cooling
the milk. An exergy and advanced exergy analysis was performed by Bluhler et al. [11] for a Danish milk
powder factory for which the use of solar thermal energy was further analysed [12]. The analyses showed that
the milk powder production has large inefficiencies in the utility system and spray drying section, which can
however only be slightly reduced through process integration. The reductions would become more efficient by
installing a new utility system. Integrating solar thermal systems directly into the production would be
economically feasible, but it would only replace a small fraction of the total heating demand.

The integration of heat pump in a spray dryer for milk powder for the recovery of excess heat from the
drying air was studied by Zihlsdorf et al. [13]. The high-temperature heat pump preheated the air to up to
125 °C, reaching a coefficient of performance (COP) of above 3. The use of a high-temperature heat pump with
district heat as the source for steam generation in a dairy factory was analysed by Tveit [14]. This work proved
the technical feasibility and environmental benefits of such a system.

A factory to produce milk powder with an ultra-low energy input was studied by Walmsley et al. [15].
Their approach applied a total site analysis, the implementation of evaporators with mechanical vapour
recompression (MVR) and excess heat recovery of the drying air. From the initial design it was possible to
reduce energy use by more than 50 % to a thermal energy use of 0.71 MWh per ton of powder. The design of
milk powder production plants in New Zealand and California, based on a 100 % renewable energy supply,
was studied by Walmsley et al. [16]. Depending on the available energy resources the aim could be
accomplished by (i) geothermal steam and renewable electricity for the MVR, (ii) a biomass boiler with a two-
stage ammonia heat pump using the boiler flue gases and (iii) with biogas and solar thermal energy. The case

Page 2 of 37



of a slaughterhouse only using electric energy was presented in the Netherlands [17], where heat is recovered
and generated by heat pumps and electric boilers. However, temperatures stated in this process are below
90 °C. Wiertzema et al. [18] studied electrification options for industrial processes using a bottom up methodology
and applied it to an oil refinery. The study concluded that detailed process models are required to predict changes
to energy use and that heat available at the plant is often in competition with electricity use. Also for an oil refinery,
Berghout et al. [19] investigated pathways for reducing greenhouse gas emissions. While electrification was not
specifically included, the presented method is applicable to it and useful for evaluating emission reduction
strategies of industrial sites. Chen et al. [20] studied the electrification of methanol production, where the indirect
electrification through alternative feedstocks and direct electrification through heat pumps were investigated. The
direct electrification was found to be insignificant compared to the indirect one, as only parts of the heat demand
can be converted to electricity.

With respect to milk powder production, research has focused on analysing and optimising the processes,
and on how to integrate renewable energy sources in specific cases. Covering the thermal energy demands of
milk powder production solely with electric energy has not been investigated yet, although lower electricity
costs and a high share of wind, hydro or solar power could turn it profitable from economic and environmental
perspectives. The need of high-temperature heat in the drying process makes this electrification scenario
challenging. Furthermore, the optimal electrification strategy for an existing factory needs to be determined to
increase the system energy efficiency at lower costs. While many studies address strategies to lower fuel related
CO,-emissions in industries, the accomplishment of this goal through electrification is not sufficiently studied.
Research has focused on energy efficiency and fuel substitution at industrial sites [9,15,16] or on system
studies [3,5,6] for the electrification of a country, but little work has been performed on implementing an
optimised all-electric production site.

The aim of this paper is to develop and analyse different approaches for electrifying the energy supply of
industrial sites with process heat demands at temperatures up to 210 °C. Different electrification strategies were
developed and demonstrated for the case of a milk powder production facility. At first, the production system was
modelled and different electrification strategies, with different levels of retrofit, were sketched. They also differ
by the level of integration between the processes and the utility system. The current and the electrified dairy
production systems are modelled and optimised using energy, exergy and process integration methods. The
development of the all-electric factory includes the integration of heat pumps by taking the temperature levels of
heating and cooling demands into account. The evaluation and comparison of the systems were based on indicators
such as exergy destruction, specific energy use, economic (net present value and operating costs) and
environmental parameters (CO.-emissions). The novelty of this work lies in (i) the feasibility analysis of
electrifying an industrial site, (ii) the development and evaluation of central and de-central electrification options,
(iii) the quantification of the thermodynamic, economic and environmental benefits of electrification in the
industry and (iv) the investigation of economic frameworks for electrification directed to policy making.

2 Methods

This section presents the method and concepts used for the modelling, analysis and evaluation of the
industrial processes for which different electrification strategies were considered. First, the case study of the
dairy production system and its main components are introduced, followed by the overall methods, the
electrification strategy and considered scenarios. The last two sections describe the modelling approach and
basis of the economic analysis.

2.1 Dairy production system

The dairy production system consists of three production units, namely the milk treatment (H),
evaporation (E) and spray drying (S) section. In addition to the production units, the current plant has a hot
and cold utility system satisfying the cooling and heating demands. The production system under study is
shown in Figure 1. The incoming raw milk (M1) is preheated, separated into cream (C1) and skim milk (M3),
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which are then both pasteurised and cooled. The skim milk is mixed with additives and is heated to 85 °C
before it enters the evaporators (M10). The evaporation consists of an MVR and one triple effect thermal
vapour recompression (TVR). The vapour is condensed and used to preheat incoming milk and air
(components E1 and S2). The concentrate is heated again before it enters the spray dryer and fluidised bed. A
detailed description of the system, state points and modelling approach can be found in [11].

The utility system consists of a natural gas boiler with an economiser for combustion air preheating. It
supplies 25 bar saturated steam at 238 °C. The cooling demand is covered by a brine referred to as ice water
(IW) from an ammonia-refrigeration plant at -5 °C. The plant has a production rate of 6.3 tons of milk powder
per hour and operates during 7200 hours per year.
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Figure 1. Dairy production system with the main products, utility streams and components (adopted in modified form
from [11]). Components are named and numbered by H (milk treatment), E (evaporation) and S (drying). Process
streams are named and numbered by M (milk), C (cream), V (vapour/ water) and A (air).

2.2 Energy and exergy analysis

The energy analysis of the model is based on the 1st Law of Thermodynamics. For an open system of
constant volume, energy can be transferred in- and out of the system under study with streams of matter H,
heat Q and work 1. The present work does not consider changes in kinetic and potential energies, which
implies that the energy balance in steady-state conditions, on a rate form, is as follows:

Zﬁm—Zszwi{oj:o W
in J

out i

Process integration techniques can be used for minimising the use of external utilities by maximising
internal heat recovery within the system. The most well-known method is named ‘pinch analysis’ and was
developed by Linnhoff and Hindmarsh [21] in the 80’s for designing heat exchanger networks in chemical
processes. It was also applied to industrial sites such as refineries, as discussed in Smith [22] and Kleme$ [23],
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and it has been applied to dairy factories [24]. The pinch method calculates at first the heating and cooling
demands with the corresponding temperatures and flows for each process stream. A minimum temperature
difference is chosen, which sets the heat transfer driving force between two streams in a given heat exchanger.
The system is then evaluated with respect to the maximum internal heat recovery and minimum utility demands
(setting thermodynamic targets). Finally, system improvements by means of a re-design of the heat exchanger
network (retrofit) or integration of processes, such as cogeneration and heat pumping, are suggested and the
energy savings are estimated.

Unlike energy, exergy can be destroyed and accounts for the irreversibilities of the system. It can be
defined as the maximum useful work delivered when the system is brought into complete thermodynamic
equilibrium with its environment. A system in thermal and mechanical equilibrium (same temperature and
pressure) with the environment is called ‘restricted dead state’ [25], while it is in “dead state’ if also in chemical
equilibrium (same chemical species). In this work the environmental state was defined at 15 °C and 1 bar.

This thermodynamic concept builds on the First and Second Law of Thermodynamics, reflecting that all
transformations are irreversible in nature and generate entropy. The exergy destruction Ep, is defined as the

sum of all exergy streams associated with streams of matter E;, work EYV and heat E? that enter or leave the
system under study, and can thus be derived from the previous relations as:

DB+ BV + Y B =By @)
i i i

El = ml[(hl - hO) - TO(Si - 50)] (3)

The exergy content of electricity is equal to its energy content. Exergy streams out of the system, without
any utilization are referred to as exergy losses. The useful exergy is referred to as product, while the supplied
valuable exergy is referred to as fuel.

2.3 Electrification

This paper focusses on electrification strategies for the retrofit of existing industrial plants. The evaluation
of the electrification was performed for different electrification scenarios, which were based on strategies
considering central and decentral electric utilities, as well as heat pumps and electric heaters. The overall
approach for electrification followed these steps:

1. Modelling of the existing system and its utilities (Base scenario)

2. Pinch analysis, process optimisation and excess heat recovery

3. Technology evaluation for electric process alternatives according to different electrification scenarios
4. Modelling and analysis of electrification scenarios based on the proposed strategies

5. Comparison and evaluation of the scenarios

The retrofit electrification can take origin in the existing utility infrastructure, keeping a central generation
of steam and ice water. This central utility can be based on boilers or centralised heat pumps. Alternatively, a
decentralised utility can be implemented, providing the cooling and heating directly at the respective processes.
Figure 2 shows these different electrification strategies, which were developed and evaluated for the case of
the milk powder production. Figure 2 (a) shows utility and production of a factory in the base scenario, using
natural gas as the primary energy source. In Figure 2 (b), the natural gas boiler is replaced by an electric one.
The utility infrastructure is not modified, but process optimisation could be implemented in this scenario. The
third case (Figure 2 (c)) has a central production of heating and cooling at different temperature levels which
were selected based on the heating requirements. The utility is further integrated with the existing factory and
utilises excess heat and natural heat sources. The last option, presented in Figure 2 (d), has a decentralised
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utility supply. Here individual options for each process are implemented, keeping the individual production
units independent of each other. In this work, electric heating elements and heat pumps were considered as
electrification technologies. Other possible alternative activators, such as microwave and infrared heating,
were not considered. The existing plant considered in the case study had some opportunities for excess heat
recovery [11], these were integrated into the electrified scenarios. Furthermore, the possibility to replace the
TVR with a second MVR exists, which would increase energy efficiency but also fully electrify the
evaporation.
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Figure 2. Base scenario (a) and electrification strategies (b - d) for a schematic dairy production system.

Based on the possible electrification strategies, four electrification scenarios were developed and
compared to the current natural gas based scenario. The first two scenarios used the existing dairy system
without any modifications to the existing processes and act as a reference for the proceeding analyses.
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e Base scenario 0 (Business as usual (BAU) — Utility: Central natural gas boiler & cooling unit),
corresponding to Figure 2 (a):
The process demands were satisfied using a central utility system providing steam and ice water. The
central utility consisted of a natural gas boiler and a conventional electricity-driven ammonia refrigeration
unit.

o Electrification scenario 1 (BAU — Utility: Central Electric boiler & cooling unit), corresponding to Figure
2 (b):
The hot utility from Scenario 1 was replaced by a central electric boiler.

Opportunities for heat recovery and process electrification were included in the following scenarios. The
introduced changes reduced the overall need for heating and cooling supply to the processes. The optimization
of the processes, with respect to integration and waste heat recovery, was dependent on the chosen utility
system, causing slight deviations in the utility consumption. The optimization was performed to minimize the
final energy use of the factory and included the replacement of a TVR evaporator with MVR, the use of
condensate cooling and exhaust drying air for direct preheating of the drying air intake.

o Electrification scenario 2 (Optimised processes — Utility: Central electric boiler & cooling unit),
corresponding to Figure 2 (b) with implementation of energy efficiency measures:
A central electric boiler was used to provide heating to the optimised dairy production system. The cooling
was supplied by a conventional electricity-driven ammonia refrigeration unit.

e Electrification scenario 3 (Optimised processes - Utility: Central integrated heat pump system),
corresponding to Figure 2 (c):
The heating and cooling was supplied by a central heat pump system, which collects all excess heat and
cooling demands, to supply heat to the individual processes.

o Electrification scenario 4 (Optimised processes - Utility: Decentral integrated HPs & Electric heater),
corresponding to Figure 2 (d):
In this scenario the heating and cooling was supplied directly to the processes. There were no
interconnections between the different parts of the production system to minimise interdependences. The
solutions were further chosen to be implementable close to the production and to require a minimum of
additional infrastructure, such as steam piping.

The five different scenarios were analysed with respect to their performance regarding energy, exergy,
economy and environmental impact. Process integration was further used to analyse the systems in more detail.

2.4 System modelling and assumptions

2.4.1 Dairy system

A detailed description of the modelling approach of the dairy system is given in Biihler et al. [11]. Heat
transfer equipment was modelled based on the streams inlet and outlet enthalpies and mass flow rates, while
neglecting pressure loss. The thermal properties of dairy streams were found based on their composition with
correlations by Singh and Heldman [26]. The ejector of the TVR was modelled based on its entrainment ratio
[27] with a nozzle and diffuser efficiency of 92 %. The MVR was modelled using an isentropic compressor
efficiency of 75 %. The spray dryer and fluidised bed dryers were modelled with a fixed air to product ratio,
which was determined based on factory data [11]. The dryer exhaust air was modelled as humid air, considering
the enthalpy of vaporization in the heat recovery scenarios.

2.4.2 Central utility systems

Natural gas boiler:

The hot utility in the BAU scenario was based on the combustion of natural gas which was approximated
by a complete combustion of methane at an excess air ratio of 1.67 and combustion temperature of 1325 °C.
An economiser was used to preheat the air with the boiler flue gases. It was assumed to have a minimum
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temperature difference of 10 K. No heat losses from the steam distribution network were considered. The cold
utility in the BAU scenario was a simple vapour compression cycle with ammonia (R-717) as working fluid
and a compressor isentropic efficiency of 75 %.

Electric boiler:

Electric heating elements and boilers were assumed to convert the electric energy input to the useful
thermal energy at an efficiency of 100 %.

Heat pump steam generation system:

The central heat pump-based steam generation system consisted of bottom heat pump cycles, a central
evaporator and a steam compression unit on top. The bottom cycles utilised different heat sources, such as
excess heat from the processes or the ambient, and supplied heat to the evaporator at 90 °C. The evaporator
operated at sub-atmospheric pressure and the steam was compressed in multiple stages using centrifugal
compressor [28]. The pressure ratios were chosen around 3.2 [29,30] and the inter-stage cooling was realised
by liquid injection. The compressors were assumed to operate with an isentropic efficiency of 74 %, while the
gear, the motor and the inverter were assumed to have an efficiency of 95 %, 95 % and 98 %, respectively
[30]. The superheating at compressor inlet was assumed to be 10 K. It was achieved by recirculating
compressed gas in the first compression stage and by the controlled liquid injection at the higher stages. The
compressed steam was used to preheat the drying air and the condensate was assumed to be returned at
subcooled conditions. Liquid from the evaporator was subcooled for supplying heat to all heat sinks below
85 °C.

2.4.3 Heat pumps

The heat pumps considered in the different scenarios were electricity-driven vapour compression heat
pumps. Their performance was determined by numerical models based on energy and mass balances as well
as their thermodynamic properties. The model consisted of an evaporator and superheater at the heat source
and a desuperheater, condenser and subcooler at the heat sink (Figure 3). The cycle included further a
compressor with an isentropic compressor efficiency of 80 % and a throttling valve. Energy and mass balances
were included for each component. The working fluid is evaporated and superheated by the heat source at a
low pressure and subsequently compressed. The working fluid with a higher pressure and temperature is then
condensed and subcooled before undergoing an isenthalpic expansion process. The outlet of the throttling
valve is the inlet to the evaporator. All heat transfer was assumed to take place at a constant pressure. A
minimum temperature difference of 5 K was chosen for the heat exchangers. The outlet of the subcooler was
set to 5 K above the sink inlet temperature. A minimum of 5 K superheating was considered and increased if
required to ensure a dry compression at the outlet of the compressor. The coefficient of performance for heating
(COPy) can be found with Eq. (4), where the total useful heat rate is divided by the work input. The Lorenz
efficiency, nuor, can be used to compare the performance of the actual heat pump to the theoretically possible
COP, as shown in Eq. (5). The Lorenz COP was found by dividing the logarithmic mean temperature on the
hot side of the heat pump, by the difference between the logarithmic mean temperatures of the hot and the cold
side.

) 4
W
COoPpP
NMLor = COPL};r ®)

It was further assumed that product streams were not allowed to be in contact with the working fluid and
thus intermediate water loops were used. Minimum temperature differences of 5 K for liquid/liquid, 7.5 K for
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liquid/gas and 10 K for gas/gas heat exchangers were applied. Pressure losses in the water loop were
disregarded.
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Figure 3: Layout of the single stage heat pump cycle (left) and cascade configuration (right) used for modelling.

The working fluids were chosen according to the temperature levels. For supply temperatures below
90 °C, R-290 (propane) was chosen as the working fluid. For higher temperatures, R-600 (butane) was selected
[31]. If the temperature differences did not allow a single stage cycle, a cascade configuration was implemented
using R-290 in the bottom and R-600 in the top cycle or a combination of R-600 and R-601a (iso-pentane) at
higher temperatures.

2.5 Economic evaluation

In order to evaluate the economic performance of the different scenarios and solutions, the investment
and operating costs were determined, based on a preliminary sizing and cost correlations for each equipment
item.

2.5.1 Component sizing

The sizing of heat transfer equipment was done with a fixed overall heat transfer coefficient U, which
was determined based on the fluids and equipment types. Using Eqg. (6), the heat transfer area A was found for
a known heat flow rate and logarithmic mean temperature difference LMTD.

Q = U ALMTD (6)

The applied values for U are shown in Table 4 in the Appendix and were selected based on
recommendations by [32]. Condensers were further divided into their desuperheating, condensing and
subcooling sections. Condensers, evaporators and liquid/liquid heat exchangers, were assumed to be plate heat
exchangers. Large heat exchangers with liquid/gas or gas/gas were assumed to be of shell and tube type. The
minimum approach temperatures were fixed with respect to the fluids in the heat exchangers. The values were
based on [33,34] who estimated them using the heat transfer film coefficient.

Compressors were sized based on their power or volume flow rate, depending on the cost correlations.
Small compressors (< 500 kW) were assumed to be screw compressors and larger ones were reciprocating or
centrifugal compressors. The fast revolving high pressure fan for the MVR was dimensioned based on the
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required volume flow rate and the evaporator was based on overall heat transfer coefficients for falling film
evaporation.

2.5.2 Component cost estimation

The estimation of the bare module costs was performed based on cost correlations found in the literature
[35,36] and information provided by suppliers. An overview of the used correlations is given in Table 5, for

which the standard purchased equipment costs 3 were found with the parameters k and size parameter x, using
Eq. (7).

log(Cp) = ky + ky log(x) + k3(log(x))? O

These standard purchased equipment costs were further corrected with pressure and material factors and
were adjusted using the Chemical Engineering Plant Cost Index (CEPCI) for the year 2017. The obtained bare
module costs, Cp, were multiplied with a factor of 1.18 to account for contingency and fees. As the new process
equipment is a retrofit of the plant, an additional 15 % of the total module capital costs were added to obtain
the total capital investment costs (TCI) of the equipment.

Small compressors (below 100 kW) were calculated based on cost functions by Ommen et al. [37], which
were based on list prices. The function was fitted and a factor of 3.16, based on [36], was used to convert the
purchased equipment costs to the bare module costs.

The investment costs for electric boilers were retrieved from [38], for which nominal investment costs
for sizes of 1 MW and higher were presented. It was assumed that a 10 kV connection to the grid existed.

2.5.3 Operation and maintenance costs

The costs for natural gas and electricity were determined for Denmark for different years based on data
from [39-41]. In addition energy prices were compiled for Germany based on [42] and data from Eurostat [43]
were used for comparison with the EU28 average. In the Danish price scenarios, price forecasts were coupled
with the expected Danish taxes for energy use in industrial processes and for the case of natural gas with CO,-
emission costs. Prices were assumed to be applicable to large industrial sites for process heating purposes. A
detailed analysis of the prices and price forecasts is not in the scope of this study, it is however noteworthy
that electricity prices from Eurostat are considerably higher for Germany and lower for Denmark. This is most
probable due to that Eurostat does not fully reduce taxes for energy use in industrial processes. The analysis
using different energy prices can therefore be seen as a sensitivity analysis. An overview of the price scenarios
are shown in Table 6 in the Appendix. In all economic evaluations, a fixed energy price was used which was
based on the year of the investment. Maintenance costs were further included as a one-time payment of 20 %
of the total capital investment costs [31]. As the maintenance costs of the existing system were not included,
this represents additional expenses for maintenance of the electricity based systems.

2.5.4 Economic evaluation

The economic evaluation was based on several indicators to evaluate the feasibility and economic gain
of investments in the different scenarios. The Net Present Value (NPV) was used as an indicator of the
economic performance of the overall investments and to compare the solutions to each other. The NPV was
found using Eq. (8) for a lifetime of N = 20 years with a discount rate of d = 5 %.

NPV = TCI EN -
— TCI + CI
~(1+d)

(®)
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The annual net cash flows CF were obtained using Eqg. (9) and adjusted for an annual inflation rate of i =
2 %.
Base Scenario

CF, = [(CNGQNGH + calWg H) - CEIQEIH] a+o" )

The annual lifetime costs C, of implementing the individual solutions were further investigated for
Scenario 4 and calculated using Eq. (10) and Eqg. (11) [25].

N
1
Cy = CRF-TCl + Z CF, (10)
n=1
_ lepr(itie)" Lo 1+4d (11)
CRF = eV —1 with leff = i 1

This was used to visualise the individual options of Scenario 5 in marginal cost curves [44]. Marginal
cost curves in this work represent the specific annual costs for implementing a measure and their contribution
to the total electrification potential. Negative costs imply specific savings, while positive values can be
interpreted as additional costs imposed due to the implementation of a given measure.

2.6 Environmental evaluation

An environmental evaluation of the different solutions was performed to assess the change in CO--
emissions from the factory for the different solutions and under different emission frameworks. The
comparison was based on the EU Reference Scenario 2016 [40], where long term energy trends until 2050 are
projected for all EU member states. To show regional and temporal differences in CO,-emission, the
comparison was done for Denmark and the average EU-28 for the years 2015, 2025 and 2050. An additional
analysis was done for Denmark for the year 2015 (DK-CHP), where the CO»-emissions for electricity were
allocated between heat and power production in combined heat and power plants (CHP) based on the 125 %
method [41]. This method assumes a heating efficiency of 125 %, which is used to find the fuel use for heat
production in CHP plants. By using this method specific CO2-emissions for electricity of 0.23 tons per MWh
are found, compared to 0.17 tons per MWh for equal distribution between heat and power. The emissions in
the EU reference scenario refer to the production of heat and power. For the EU-28 the specific emissions are
expected to decrease from 0.30 tons per MWh in 2016 to 0.08 tons per MWh in 2050.

3 Results

In this section first detailed results of each scenario are presented, followed by the energy, exergy and
environmental analyses. At the end the economic evaluation of the electrification scenarios is presented.

3.1 Scenarios

For each scenario a detailed analysis is presented in the following subsections. The results include the
overall energy balance for the overall system and the main components.

3.1.1 Base scenario 0 (BAU — Utility: Central natural gas boiler & cooling unit)

Table 1 summarises the streams of the baseline scenario. Based on process integration techniques, the
grand composite curve of the baseline configuration, without any modification to the existing system, is shown
in Figure 4. Considering only the process heating and cooling demands, the minimum hot utility (HU) demand,
excluding the evaporators, is 11.33 MW and the minimum cold utility (CU) demand is 235 kW. These
minimum energy requirements are very close to the actual demands at the factory, which were 11.42 MW for
heating and 374 kW for cooling. To reach the target value the cooling of cream in the cooler H7 could be used
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for pre-heating the drying air after the regenerative heater S2. There are also two streams with excess heat
(EH1 and EH2 in Table 1) rejected to the environment. Including those as free streams, i.e. streams which
residual heat can be used, the utility heating demand could be reduced to 8.73 MW assuming a final
temperature of 15 °C of those streams. This reduction is primarily from the exhaust drying air (EH1) at point
Al14 which could be used for direct integration. The condensate (EH2) at point V20 after preheating the drying
air would require a heat pump. Figure 4 also shows process streams including the evaporators. The evaporation
in the MVR takes place at 75 °C, while in the triple effect TVR evaporator the evaporation occurs at 67 °C,
58 °C and 52 °C respectively. The MVR increases the dry matter content from 15 % to 35 % and after the
TVR it reaches the required 52 %. A detailed analysis of the evaporation section is presented in [11]. The TVR
uses just below 1 MW of fresh steam, while the compressor in the MVR requires 280 kW. The real natural
consumption for heating purposes reaches 14.37 MW based on the higher heating value and the iced water
production for cooling requires 252.5 kW of electric power.

Table 1. Stream table of the heating and cooling demands of the baseline configuration (Scenario 0).

Component State State Ts Tr Cp hin hout m 0

Point In  Point Out [°C] [°’C] [kKI(kgK)] [kikg]l  [kikg] — [ka/s]  [KW]
H3 M4 M5 70 75 3.97 107 212
H6 c2 c3 77 85 3.33 1.2 32
E2 M10 M11 75 85 3.84 114 453
s1 M15 M16 52 75 2.94 33 222
S3 A4 A5 23 210 398 2312 549 10501
H4 M7 M8 8.1 5 3.94 107 128
H7 c4 c5 58 23 3.30 12 138
H8 c5 cé 23 5 3.29 1.2 70
sS4 A10 All 15 8 313 242 54 39
EH1 Ald 74 30 1496 1040 643 2930
EH2 V20 25 15 166.3 631 83 854
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Figure 4: Grand composite curves of the current dairy system including only process streams (black line), process
stream with excess heat sources (dashed black line) and process streams including the evaporators (dashed orange line).

3.1.2 Electrification Scenario 1 (BAU - Utility: Central electric boiler & cooling unit)

In the electrification scenario 1, the natural gas boiler was replaced with an electric boiler, while the
remaining processes stayed unchanged. The stream table and grand composite curve (GCC) is unchanged, as
the only modifications concern the utility system. The steam for the hot utility is generated in an electric boiler
with a thermal efficiency of 100 %.

3.1.3 Electrification Scenario 2 (Optimised processes — Utility: Central Electric boiler &
cooling unit)

Replacing the TVR with an additional MVR had a great impact on the system. The energy use per
kilogram of evaporated water was considerably lowered compared to a TVR system [8,45]. Furthermore, the
amount and temperature of condensate was reduced as no steam was required, thus decreasing the preheating
demand in E1. The reduction of condensate was primarily a result of the steam added to the ejector and the
residual vapour from the second and third effect of the TVR. However, by modifying the system, it was
possible to recover the heat from the two condensers which could then be utilised. The optimised system layout
is shown in Figure 5. In the optimised process scenario, the total heating demand was reduced to 9.61 MW and
the cooling demand to 237 kW. The total electric energy input to the factory was 10.1 MW out of which 357
kW was required for the two MVR evaporators. The excess heat of the system was 6.38 MW out of which
6.094 MW originated from the drying air.

The exhaust drying air could be used directly to preheat the incoming air before point A4. Assuming a
minimum temperature difference of 10 K for an air-to-air heat exchanger, the drying air could be preheated to
64.2 °C. This would leave the exhaust air at 39.3 °C which could be utilised with a heat pump.
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Figure 5: Layout of the optimised dairy production system with the addition of an MVR evaporator and integration of
the exhaust drying air and condensate cooling (Scenario 2)

3.1.4 Electrification Scenario 3 (Optimised processes - Utility: Central integrated heat pump
system

In order to supply the heating and cooling more efficiently, an integrated hot and cold utility, as well as
the utilization of the excess heat streams was taken into account in the electrification scenario 3. The heating
demand can be divided into two temperature levels, namely processes requiring heat up to 85 °C and the drying
air which requires heating up to 210 °C. The existing ice water distribution could be kept, as the hot streams
require cooling to target temperatures between 5 °C and 8 °C with small temperature drops. These target
temperatures are close to the current ice water temperatures.

Figure 6 shows the schematic layout of the central utility. The central part of the system is the evaporator,
which provides both hot water for direct heat supply below 85 °C and steam for the steam compression system.
The heat to the evaporator is supplied by six heat pumps (B-HP) which have a condensation temperature of 90 °C.
The first heat pump generates the ice water for process cooling and the second cold water for cream cooling.
Heat pump 3 uses the excess heat in the condensate after preheating the drying air (State V15) at a temperature
of 20 °C. The fourth and the fifth heat pump recover the heat from the drying air (State A17), where heat pump
4 cools the drying air until the dew point (DP) and heat pump 5 until 21 °C. The last heat pump is a heat pump
using ambient air and supplies the remaining required heat. An overview of the individual heat pumps can be
found in Table 2. The hot water distribution to Sink 1 to 4 and S 3-1 could be designed as a hot water loop.
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Figure 6: Central heat pump system as used in Scenario 3.The bottom heat pumps (HP1 to HP6) supply heat to the
central evaporator, from where heat is delivered directly to processes (Sink 1 to Sink 4 and S3-0). From the evaporator a
multi-stage cycle delivers steam to the air heating of the dryer.

Table 2: Overview of the central utility in the optimised process (Scenario 3). Bottom and top heat pumps refer to
Figure 6 and the source properties to Figure 5.

HP  Source Toource Teink HpType o @ Qe W COPy
[] [kw]  [kw]  [kw] []

B-HP1 W 49°C > 25°C 90 °C R290/R600 057 417 238 179 23
B-HP2 H7 25°C - 15°C 90 °C R600 048 230 138 92 25
B-HP3  VI5  20°C—15°C 90 °C R600 047 425 - 177 24
B-HPA  A17  50°C—31°C 90 °C R600 044 1897 . 596 32
B-HP5  A17(DP)  31°C — 21 °C 90 °C R600 048 4330 - 1602 27
B-HP6  Ambient 15°C 90 °C R290/R600 056 435 - 167 26
THP7  Evap. 90 °C 80°C »210°C  Water 043 7335 . 217 35
Total - i i i -~ 9608* 375 4931  1.95

" The total heat supply is less than the sum of each heat pump, as some of the heat from the B-HP is the
source of the T-HP
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3.1.5 Electrification Scenario 4 (Optimised processes - Utility: Decentral integrated HPs &
Electric heater)

Electrification of the individual processes takes advantage of the possibility to supply the heating and
cooling demands directly where they are needed. This eliminates the need for a central utility system and there
is higher degree of flexibility possible as the production systems are independent of each other. The
electrification can furthermore be conducted stepwise, as the investments in this scenario are independent of
each other. The factory with decentral utilities is shown in Figure 7.
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Figure 7: Dairy production system with optimised processes and decentral integrated utilities. The placement of the heat
pumps and electric heaters is indicated.

In total seven heat pumps were integrated in the factory to supply heating and cooling to the processes
and to utilise the excess heat. The placement of the heat pumps followed the strategy to not create major
interdependencies between the production sections. Where possible, heat pumps were placed between the
heaters and coolers of similar streams to supply heating and cooling from the same system. This was the case
for milk and cream pasteurization and the air for the fluidised bed. The hot air to the spray dryer was covered
by heat pumping the exhaust drying air after preheating. The heating of milk before the evaporator was done
with a heat pump using ambient air. Electric heaters were used to boost temperatures when no other heat
sources were available at sufficient temperatures. This was the case for the drying air where existing
technologies can be economically used up to 140 °C [4]. The preheating of milk concentrate before the spray
dryer, could be done by a heat pump using the remaining heat of the condensate at state VV18. However, heat
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exchanger S1 is a Scraped Surface Heat Exchanger for the concentrated milk. In many dairies this is already
electrically heated and it has a small heating demand compared to other units.

Table 3. Overview of the individual decentral utilities in the optimised process (Scenario 4). For each utility the source
and sink properties are shown, with state points referring to Figure 7, as well as the thermodynamic performance.

-1 [kwl  [kw]  [kw] [
HP1 M7 8§°C—55°C M4 70 °C — 75 °C R290 0.44 212 109 103 2.1
HP2 C5 8§°C—-5°C C2 77°C —85°C R290 0.38 32 12 20 1.6
HP3 C7 30°C— 8 °C M9 27.5°C—30°C R290 0.34 106 86 20 5.2
HP4 Ambient Ambient M10  61.5°C — 85°C R290/R600  0.52 1026 - 368 2.8
HP5 Al2 15°C—-8°C A9 15 °C — 30.9 °C R290 0.40 49 39 11 4.6
HP6 V15 22.5°C —»20.8°C AlO 30.9 °C — 55°C R290 0.35 75 - 19 4.0
HP7 Al7 53.2°C—27.8°C AB 64.3°C —» 140°C R600/R601a 0.51 4197 - 1656 2.5
E-H1 - - M13 67 °C — 75 °C - - 77 - 77 1.0
E-H2 - - AT 140 °C — 210 °C - - 3919 - 3919 1.0
Total - - - - - 9694 245 6194 1.57

3.2 Energy analysis

The results of the energy analysis and comparison of the different scenarios are shown in Figure 8 and
Figure 9. The throughput of raw milk and the production of cream and milk powder are constant in all the
scenarios. The energy input in the base scenario 0 is reduced towards electrification scenario 1 through
electrification by the heat losses in the boiler flue gases at a constant heating and cooling demand. When
performing process optimisation and waste heat recovery, through replacement of the TVR with a second
MVR evaporator, lower minimum temperature differences and increased heat recovery, the electricity input
can be reduced by more than one fifth in scenario 2 compared to scenario 1. However, the theoretical heat
demand for the evaporator, which was 17.67 MW in base scenario 0 and electrification scenario 1, was slightly
increased to 17.83 MW. This is due to the evaporation at a higher temperature in the second MVR, compared
to the previously used triple effect TVR where more flashing of water was present.
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Figure 8: Overview of the total energy input and demand of the dairy factory under different scenarios.

By integrating heat pumps, the electricity use and the heat losses can be further reduced. The highest
efficiency was obtained in scenario 3 where almost all available excess heat from the processes was used.
Solely the drying air leaves B-HP 5 at 21 °C. In scenario 4, more heat losses were present as only the heating
demand up to 140 °C was covered by heat pumps and thus part of sensible and latent heat in the drying exhaust
air was not utilised. Compared to the electrification scenario 2, the electricity input was reduced by 48 % using
a central heat pump system and by 35 % using the decentral heat pumps. The decrease in efficiency from
scenario 3 to scenario 4 was caused by the design choices, namely the use of electric heaters for heating the
drying air above 140 °C. Implementing a heat pump to lift the temperature to the final one of the air would
result in a low COP as the solution is not integrated. As shown by Ziihlsdorf et al. [46] a high temperature heat
pump for the spray dryer would yield a COP between 1.6 and 1.9. In this analysis a COP including the electric
heater of 1.5 was obtained at considerably lower investment costs.

The specific energy use for milk powder could be reduced from 2.42 MWh per ton of powder in the base
scenario to between 0.86 MWh and 1.06 MWh per ton of powder in Scenario 3 and 4 respectively.

While Figure 9 shows the energy content of the heat losses, it does not consider the temperature at which
those occur. The utilisation potential of the excess heat from the ice water production are, for example, small
as this heat source is near ambient conditions. On the other hand, the drying air and flue gases have a higher
temperature and contain latent heat from water vapour.
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Figure 9: Overview of the excess heat of the dairy factory by source for the different electrification scenarios.

3.3 Exergy analysis

The results of the exergy analysis are shown in Figure 10 where the exergy flows for each scenario are
represented in Grassmann diagrams. The highest source of exergy destruction in scenario 1 is the natural gas
boiler, which also causes exergy losses of 453 kW in the form of flue gases. The remaining losses and
destruction occur in the cold utility. The recirculation from the production to the utility is solely condensate
and ice water. The main source of exergy destruction in the production is the spray dryer. By electrifying the
utility in scenario 2, the exergy input is reduced by 15 %, while the exergy destruction in the utility is reduced
by 20 %. The comparably low reduction indicates that there is still a mismatch between the utility and the
actual process heating demand. The energy efficiency measures (scenario 3) reduce the exergy input by 39 %
and exergy destruction of the total factory by 30 % compared to scenario 1. Exergy losses are further minimised
compared to the two previous scenarios.

Introducing a central heat pump system (scenario 4) considerably reduced the exergy input to the system
(half compared to Scenario 3). The decentral solution (scenario 5) requires 1.26 MW more exergy input than
scenario 4, and has a higher exergy destruction. In both cases the exergy losses are reduced considerably,
where scenario 4 re-uses all losses, except for some drying exhaust air.
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(a) Exergy analysis of the base scenario 0 (BAU)
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Figure 10: Grassmann diagrams of the milk powder production factory in the different scenarios.
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The exergy product is in all scenarios the same (3.43 kW). This is negligible compared to the losses and
irreversibilities of the system. However, the exergy input to the production is reduced in scenario 4 and 5,
compared to Scenario 3, as the heating and cooling are delivered at closer conditions to the process stream
than in the central utility solution.

3.4 Economic analysis

The economic evaluation was used to analyse the feasibility of the electrification scenarios of energy
price forecasts for Germany and Denmark and the general relation of economic feasibility with respect to
electricity and natural gas prices. These price variations can be seen as a sensitivity analysis, as a constant
energy price was assumed over the lifetime. The investments in electrification scenario 4 were analysed in
more detail. In Figure 11, the results for Germany and Denmark are shown. The economic analysis showed
that Scenario 1 and 2 are not economically profitable, considering the current energy prices in both countries.
Under the forecasted energy prices in Germany and Denmark, the investment in either the central or decentral
scenarios can become profitable and lead to a positive NPV over the assumed 20 year lifetime. With the
analysed prices, scenario 3 performs slightly better than scenario 4. In general, the investment costs become
negligible when natural gas prices approach the price for electricity as the energy use is considerable and
becomes the dominating factor. The positive NPV is however caused by the high savings from the energy
efficiency measures and the implementation of the MVR. These high savings cause the overall investment in
electrification to yield positive NPVs. In the 2030 case for Denmark the NPV for the WHR is 3.2 Mio. € and
for the MVR it is 4.8 Mio. €. The electric boiler in scenario 2, thus has a negative NPV of almost 24 Mio. €.

The distribution of the specific costs of the scenarios over their lifetime and per ton of product is shown
in Figure 12 for Denmark and Germany in 2020 and 2030. For the specific costs only milk powder was
considered as a product, while cream was considered as a by-product. The investment costs for electric boilers
over the lifetime are negligible considering the operation costs, while the investment costs for the heat pump
account for between 15 % and almost 30 % of the costs. For Denmark in 2020 and Germany in 2030, the
specific costs of all electrified solutions are higher than for the base case (Scenario 0). The addition of a CO,
allowances on natural gas could make the electrified solutions with heat pumps more attractive.
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Figure 12: Levelised specific costs of the base and electrification scenarios per ton of milk powder produced.

When generalising the economic analysis and considering a wide range of combination of electricity and
natural gas prices (Figure 13), it can be seen that for scenario 1 the natural gas price must almost be equal to
the electricity price to make this option viable. By introducing energy efficiency measures, this price ratio is
further increased (Scenario 2). When introducing heat pumps, this ratio can be even higher.
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For natural gas prices paid by large industrial consumers within the EU-28 (between 0.025 €/kWh and
0.035 €/kWh) [43], the ratio of electricity to natural gas price must accordingly be between 1.0 and 1.6 for
scenario 3 to be economically feasible over 20 years. For scenario 4 this ratio can be higher, between 1.6 and
1.8, meaning that electricity prices can be higher. Scenario 4 has a lower efficiency but also lower investment
costs than scenario 3, which results in faster profitability for certain ratios. On the long run, as shown for the
case of Denmark and Germany, the more efficient central system will yield higher NPVs. Similarly, the
scenarios with electric boilers obtain a positive NPV at low energy prices quicker than the heat pump solutions,
despite being energy-wise considerably less efficient.

For large companies it might be an option to invest in their own renewable energy generators, such as
wind power or photovoltaic solar panels to produce electricity, or produce biogas or synthetic natural gas. The
levelised costs of energy production of large photovoltaic plants ranged between 38 €/ MWh to 76 €/ MWh in
2017 and are expected to decrease to between 22 €/ MWh and 42 €/ MWh by 2030 [47,48]. The prices for
onshore wind energy in Denmark are forecasted to decrease in the same time period from 34 €/ MWh to
27 €/IMWh, while the price levels in Germany for onshore wind energy are higher, between 40 €/ MWh and
81 €/MWh in 2017. These costs would in particular for the electricity prices after 2020, make the electrified
solutions more competitive and allow for higher profits. In particular the onshore wind energy prices and the
2030 prices for photovoltaic would reduce the costs for electricity considerably.

On the other hand, the industrial site could replace natural gas with biogas, either bought or produced on
site. The production prices in Denmark were found to be 64 €/ MWh for normal biogas and 75 €/ MWh for
upgraded biogas, using the average biomass composition as a source for the gasification [49,50]. This price
was subsidised in 2017 with 18 €/ MWh, if the biogas was used for process heating. With the unsubsidised
prices, electrification scenario 3 and 4 would always be more profitable in the investigated electricity price
range (< 150 €/ MWh). In scenario 2 an electricity price of maximum 90 €/MWh would be required to make
the electrification more profitable than normal biogas, which is higher than the predicted price for Germany
and Denmark until 2030. A comparable maximum electricity price is found for scenario 3 and 4 when
considering the biogas subsidy.
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Figure 13: Net present value for a variation of electricity and natural gas prices. “A” marks energy prices in Denmark in
2017 and “B” marks the expected prices in Denmark in 2030.

An advantage of a decentral integration of electric utilities is the possibility to implement cost-efficient
options independent of other inefficient ones. In Figure 14 the marginal cost curve for the individual options
of electrification scenario 4 is shown for the years 2020 and 2030. The annual costs were calculated following
Eqg. (10) and include investment costs and savings from reduced natural gas and ice water use. The combination
of waste heat recovery through process integration (WHR) and an MVR vyield savings already from 2020. The
installation of heat pumps HP3, HP4 and HP5 would likewise reduce the annual costs over 20 years. In 2030,
all measures, except for the electric heater and HP2, become profitable. Despite the heat pump HP2 being used
to supply heating and cooling the low COP and high specific investment costs make this heat pump an
unprofitable investment. The large heat pump for preheating the drying air (HP7) allows for considerable
savings in operating costs due to comparably low investment costs and high natural gas savings. However, the
electric heater accounts in both years for additional annual costs of approximately 1 million Euros. In this case
a further reduction in the electricity to natural gas price ratio or the use of a high-temperature heat pump would
be necessary to make this a cost-effective option.
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Figure 14: Marginal cost curves of scenario 4 for the year 2020 and 2030 in Denmark. All prices are on a 2017 level
and refer to the net level annual costs compared to the base scenario.

3.5 Environmental evaluation

In the following the CO,-emissions of energy supply of the dairy factory for the different scenarios are
compared (Figure 15). The results show that the heat pump scenarios have the potential to reduce the local
COz-emissions by 50 % in almost all cases. The optimised and electrified solution (Scenario 3) would already
allow reducing CO2-emissions compared to the base scenario, despite the lower CO2-emission factor of natural
gas compared to the one of electricity in the DK-CHP and EU-28 scenario. An increase in CHP and more
renewable energy sources reduce the specific CO2-emissions in future scenarios, compared to the one of natural
gas.
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Figure 15: Comparison of annual CO2 emissions of the scenarios for Denmark (DK) and the European Union 28 (EU-
28) following the EU Reference Scenario 2016 and for DK-CHP the allocation of emission in cogeneration plants.

4 Discussion

The central utility was designed using state-of-the-art equipment for the bottom heat pump cycles and
partly for the steam compression unit. The first two stages were demonstrated for condensation temperatures
up to 150 °C [29,51] while an extension to three stages and condensation temperatures of 210 °C to 220 °C is
technically feasible. The decentral and bottom heat pumps in scenario 3 and 4 considered hydrocarbons as
working fluids due to their good thermodynamic performance. As their flammability might constitute an issue
for industrial sites, they might, depending on the temperature levels, be replaced by R-717 (Ammonia) or
hydrofluoroolefins [52,53]. In scenario 3 and 4, ambient air was further used as the source for the heat pump.
This cooling capacity could be used to provide cold air for cold storages. The heat pumps were further not
fully optimised, which could lead to increased COPs and higher energy efficiency of the scenarios.

In scenario 4 the drying air was heated to the final temperature of 210 °C by use of an electric heater,
although the excess heat in the dryers exhaust gases remained unused. A high temperature heat pump could be
implemented here, as it was done in scenario 3. However, the aim of scenario 4 was to use existing technologies
which could be implemented close to the production with limited efforts for factory changes and to minimise
interdependencies between processes. This would not necessarily be the case for the high-temperature heat
pump. An alternative scenario could be the use of individual air-source heat pumps for process heating. These
heat pumps would have the same benefits as in scenario 4, without creating interdependencies between cooling
and heating demands.

The exergy analysis was used as an important tool to compare the electrification scenarios and compare
it to the base case. It was found that the exergy destruction could be reduced considerably by electrifying, and
it was lowest for the central heat pump system. The specific energy use for scenario 3 was found to be
0.86 MWh per ton milk powder and 1.06 MWh per ton milk powder for scenario 4. These values are slightly
higher than the thermal energy use of 0.59 MWh and electric energy use of 0.15 MWh per ton of milk found
for the best configuration only considering the production in [15]. The best configuration was more advanced
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and also considered improvements to the spray dryer, reverse osmosis for pre-concentration and direct steam
injection for pasteurization. The additional pasteurization before the evaporator and the spray dryer were not
included, however electric energy use for process pumps was. The integration of direct steam injection for
pasteurization could however be an additional energy efficiency measure in scenarios where steam is used and
the pre-concentration of milk using reverse osmosis is an alternative electrification measure.

The economic analysis showed that all electrification scenarios can be feasible under specific conditions
with respect to energy prices. This was studies as part of a sensitivity analysis with varying energy prices. In
particular the two scenarios with heat pumps are expected to be feasible options for energy prices after 2020.
Not all possible costs for the investment, such as new piping, were considered. However part of these costs
were indirectly included through the conversion of bare module costs to the TCI. The requirement for new
piping for instance will be different across the scenarios, however. The investment costs therefore have a
degree of uncertainty, which is expected to have a low impact on the net present value as investment costs
become overall less important for low energy prices or small price differences between natural gas and
electricity. The unit costs for investments in small heat pumps are particularly high, as the applied cost
functions have high specific costs for small components. The use of standard components for these heat pumps
could reduce the investment costs significantly.

The willingness to accept high investment costs is probably the highest for the central heat pump system
(scenario 3), as it is an investment in the main utility of the plant. The decentral electrification strategy
considers the implementation of heat pumps which might be affected by process changes, resulting in lower
accepted payback times. However, it is possible to prioritise projects with a high return on the investment and
to break down the costs for electrification into smaller fractions. The use of electric boilers is most attractive
for very low energy prices, where the need for highly efficient systems is secondary compared to the total
investment costs. Electric boilers create no considerable technology lock-in, as they are comparably cheaper
and thereby replaceable and, furthermore, do not require changes to utility infrastructure and processes. The
central heat pump system requires certainty of future process modifications as it is a large investment and
requires partly new utility infrastructure. While the decentral heat pumps create the highest technology lock-
in on a process level, the processes in different production sections are less dependent on each other.

A detailed uncertainty and sensitivity analysis of investment costs and energy prices was not in the scope
of this paper. The energy prices and their forecasts are volatile and depend on many factors. Among others,
the costs for CO,-emissions (CO.-certificates) are a parameter which can have great influence on the economic
feasibility of the system. If these costs increase for natural gas, the acceptable electricity price will increase
progressively in scenario 3 and 4. In this analysis the minimum temperature difference in the heat exchanger
was constant. However, the optimal value depends strongly on the economic boundary conditions, such as the
relation between energy prices and investment costs. An optimisation of this temperature difference should
thus be performed when the economic boundaries are fixed.

The costs for CO,-emission and energy tax reductions can be even more important for other industries,
which e.g. use fuel oil or coal. The electrification strategies proposed and analysed in this paper are however
applicable to all process industries. The adoption of these strategies to other sites, should take the proposed
method for analysis as the basis.

5 Conclusion

In this paper strategies for electrifying industrial processes were presented, which aim to reduce the
dependency on fossil fuels commonly used for process heating. The proposed method for electrification
consists of modelling and optimising the industrial processes, before evaluating the different strategies for
electrification. These considered strategies consist of (i) the conservation of the existing utility infrastructure
by using a central electric boiler, (ii) the integration of a central heat pump system using excess and ambient
heat sources to supply heating and cooling at different temperature levels and (iii) the use of decentral heat
pumps and electric heaters to provide heating and cooling at a process level. The method and the electrification
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strategies were applied to a milk powder production factory, for which different scenarios were compared
using energy, exergy, environmental and economic analyses.

It was shown for the dairy factory that energy input and the exergy destruction were lowest in a
configuration using a central heat pump system. The overall COP for supplying process heat was 1.95, while
it was 1.57 for the scenario implementing decentral heat pumps and electric heaters. This difference resulted
from the heating of drying air, done with an electric heater in the decentral scenario, while it was covered by
a high temperature heat pump in the central utility scenario. The use of electric boilers for central steam
generation was found to be more efficient in energy and exergy terms than the current natural gas-based system,
but to be the least efficient option when considering all electrification scenarios.

Similar findings were obtained for the environmental analysis, which investigated CO.-emission
reduction compared to the existing natural gas based system. However all options would considerably decrease
COz-emissions in Denmark from 2025 on, as a high share of wind power in the electricity network is expected.
For the EU-28, CO,-emissions would be halved in 2025 for the heat pump based systems, while the emissions
of the electric boiler systems are only considerable lower by 2050.

The economic analysis revealed that for the predicted energy prices in Germany and Denmark, the use of
electric boilers would not be beneficial, while the heat pump system obtained a positive net present value after
20 years for investments after 2020. Due to the high level of energy use in the dairy factory, investment costs
become less important over the considered investment horizon and the relation between natural gas and
electricity prices determines the profitability. As the decentral heat pump system had lower investment costs
at a lower efficiency, it was found to yield positive net present values at higher ratios of electricity to natural
gas prices when considering current natural gas prices in the EU. The central heat pump system becomes
however more profitable if electricity prices increase. At last, one benefit of the decentral heat pump system
was that the implementation of heat pumps can be done independently, meaning only the most cost-efficient
ones could be implemented. The central heat pump has to be implemented as a whole package.

It is expected that the electrification of industrial processes will be an important research area in the near
future. Industrial and high temperature heat pumps will play an important role in this transition, but
developments are required for heat pumps reaching temperatures above 150°C, as they will play a pivotal role
in reaching an efficient electrification.
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Nomenclature

Abbreviations:

AP
B
BAU

COP
CEPCI

CHP
Cu
DK
DP
E-H
g

Aiir to product ratio
Bottom

Business as usual
Condensing

Coefficient of performance

Chemical engineering plant cost
index

Combined heat and power
Cold utility

Denmark

Dew point

Electric heater

Gaseous state

Latin Symbols:

A Heat exchange area, m?
c Specific cost, €/ MWh
C Costs, €
CF Annual cash flow, €/year
COP Coefficient of performance, -
Cp Specific heat capacity, kJ/(kg K)
CRF Capital recovery factor, 1/year
d Discount rate, %
E Exergy flow rate, ki/s
fm Material factor, -
h Specific enthalpy, kJ/kg
H Annual operating hours, h/year
H Enthalpy flow rate, kl/s
Teff Effective interest rate, %
i Inflation rate, %
Greek Symbols:
Exergy efficiency, -
Energy efficiency, -

Sub- and Superscripts:

0

c
D
EL
h
in
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At reference condition
Cooling

Destruction
Electricity

Heating

Into the system

GCC

TVR
WHR

Rg.

AT

Lor
min
NG
out

Grand composite curve

Heat pump

Hot utility

Intercooler

Ice water

Liquid state

Log mean temperature difference
Mechanical vapour recompression
Pump

Top

Turbo compressor

Thermal vapour recompression
Waste heat recovery

Cost function parameter, -
Mass flow rate, kg/s

Year, year

Lifetime, years

Net present value, €

Payback time, years

Heat flow rate, kW

Total capital investment cost, €
Specific entropy, kJ/kg
Temperature, °C or K

Overall heat transfer coefficient,
kKW/(m?K)

Work, kW

Size parameter, -

Temperature difference, K

Lorenz

Minimum

Natural gas

Out of the system
Purchased equipment
Source



Target
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Appendix

The assumptions for the heat transfer equipment are shown in Table 4. These assumptions are based on
ranges of values for equipment typically found for the fluids involved. The U-Values are based on ranges given
in [32] and the minimum approach temperatures are taken from [33,34] who estimated them based on the heat

transfer film coefficient

Table 4: Assumptions for heat transfer equipment.

Component Fluid 1 Fluid 2 [Ar;r]mi” t\JN/(mZK)]
Heat Exchanger Water/ Milk ~ Water/ Milk 5.0 2500
Heat Exchanger Water/ Milk  Air 7.5 40
Heat Exchanger Water/ Milk  Cream 5.0 2000
Heat Exchanger Air Air 10.0 23
Evaporator Water Refrigerant 5.0 500
Evaporator Air Refrigerant 7.5 43
Condenser Water Air/ Refrigerant (g) 7.5 40
Condenser Water Refrigerant (c) 5.0 1000
Condenser Water Refrigerant (1) 5.0 750
Falling Film Evaporator Water Solution 5.0 2200
Evaporator/ Condenser Refrigerant  Refrigerant 5.0 1250

The parameters to be used in cost functions established in Section 2.5 can be found in Table 5. The costs
for the equipment found using these cost functions are summarised in Table 7.

Table 5: Parameters for cost functions to be used in Eq. (7).

Component Range k1 ko ks Year fm Source
ggm::fgi SRec'pmca“”g 450 KW -3000 KW 2.2897 13604 -0.1027 2001 2.8  [35]
Screw Compressors 10 kW - 1000 kW  3.4756 0.6814 -8-10° 2004 2.2 [36]
Reciprocating Piston Compressor 10 m¥h - 280 m¥h 2.2477  0.7900 0 2013 1.0 [31]
Centrifugal Radial Fan 1 Nm¥s-100 Nm¥s 3.5391 -0.3533  0.4477 2001 2.4 [35]
Shell and Tube Heat Exchanger 10m?-900m?> 3.2476  0.2264  0.0953 2004 3.3 [36]
Flat plate Heat Exchanger 1m?-2000 m?> 3.1316 0.3454  0.0823 2004 3.3 [36]
Internal-coils in Evaporator Tank 1m?-8000m? 3.2195  0.3743 0.046 2004 1.0 [36]
Falling Film Evaporator 28 m?- 316 m*> 2.8595 0.981 -8-10° 2005 2.3 [36]
Evaporator Plain Vessel 1m?-800m® 35970  0.2163 0.0934 2004 3.0 [36]

The energy prices used to evaluate the different scenarios for different years and countries and explained
in Section 2.5.3 can be found in Table 6.
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Table 6: Overview of energy prices for industrial process use on a 2017 basis.

Electricity Natural Gas
Region Year Net Price  Tax & Fees Total Net Price T;:ef‘ Total Reference
[€/MWNh] [€/MWh] [E/IMWh] | [E/MWh] [€/MWh]  [€/MWHh]

Denmark 2017 31.3 449 76.2 195 9.3 28.9 | [39-41]
Denmark 2020 34.5 28.6 63.1 19.4 9.3 28.8 | [39-41]
Denmark 2025 40.8 27.2 68.0 26.8 9.3 36.2 | [39-41]
Denmark 2030 45.8 27.2 73.0 33.0 9.3 42.3 | [39-41]
Germany* 2017 54.2 4.3 58.4 19.9 5.5 25.4 | [42]
Germany* 2020 44.6 7.4 52.1 27.6 5.5 33.1 | [42]
Germany* 2025 63.7 9.6 73.3 28.7 5.5 34.2 | [42]
Germany* 2030 71.2 11.7 82.9 28.7 55 34.2 | [42]
Denmark?® 2017 47.6 21.1 68.7 23.9 9.5 33.4 | [43]
Germany? 2017 48.1 44.9 93.0 27.2 4.1 31.2 | [43]
EU282 2017 60.9 22.2 83.1 25.3 3.7 28.9 | [43]

! Prices applicable for electricity intensive industries as defined in [54].
2 Prices applicable for an electricity use of 20 GWh to 70 GWh and natural gas use of 28 GWh and 278 GWh

An overview of the equipment costs for the different scenarios can be found in Table 7.

Table 7: Overview of the equipment costs for the different electrification scenarios. All costs are on a 2017 basis.
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Bare Module Costs

TCIl  Specific TCI

Scenario Equipment [Ke] [KE] [€/kW]
Scenario 1 Electric boiler 746 1,012 81
Scenario 2 Electric boiler 587 789 81

Scenario 2 - 4 MVR 300 407 421

Scenario 2 - 4 WHR 2,109 2,861 2,661
Scenario 3 B-HP1 264 349 978
Scenario 3 B-HP2 193 224 1,138
Scenario 3 B-HP3 118 263 722
Scenario 3 B-HP4 945 1,362 839
Scenario 3 B-HP5 2,722 3,694 853
Scenario 3 B-HP6 334 488 1310
Scenario 3 T HP 3,841 4,460 634
Scenario 3 Evap 226 307 -
Scenario 4 HP1 1,088 191 897
Scenario 4 HP2 23 56 1,775
Scenario 4 HP3 52 110 1,034
Scenario 4 HP4 288 608 592
Scenario 4 HP5 94 139 2,818
Scenario 4 HP6 187 266 3,548
Scenario 4 HP7 5,389 7,313 1,742
Scenario 4 Electric boiler 242 325 81
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