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Abstract: Most studies on industrial heat decarbonization by electrification focus on energy and
greenhouse gas emissions. However, there are additional potential environmental impacts to be
considered to make a fair comparison. The aim of the proposed work is therefore to highlight the
benefits and drawbacks of switching to electricity, using life cycle assessment (LCA) methodology to
explore more environmental issues. In addition, in order to evaluate the environmental sustainability
of this transformation, the LCA results are compared with sustainability thresholds defined with
two different methods, on a global scale using the “sustainable levels” concept. The first method is
based on the current environmental impacts of industrial processes, while the second considers the
economic added value. Industrial heat production levels for the Danish and French food industries
are used as case studies. The results show a large number of environmental trade-offs associated with
electrification, some of which are leading to unsustainable levels. Sustainability thresholds based on
economic added value ensure a fairer distribution between sectors, in particular by preventing the
most virtuous sectors and processes from being penalized.

Keywords: energy transition; industrial heat decarbonization; heat pumps; sustainability;
environmental assessment; planetary boundaries

1. Introduction

The reduction in industrial greenhouse gas (GHG) emissions is one of the pillars
of the European strategy to achieve its global reduction objectives [1]. In this context,
electrification of heat production is to play a major role for two main reasons: (i) electricity
represents the major part of the energy used in the scenarios aimed at limiting climate
change within the framework of the set goals [2,3]; and (ii) electrification has a high
technology readiness level [1]. Hence, this transition is highly supported in EU roadmaps
for industrial heat decarbonization [4] and some major projects are already underway [5].

1.1. Assessment of the Environmental Impact of the Electrification of Industrial Heat

The environmental impact of industrial heat production electrification is mainly ad-
dressed through the evaluation of the potential GHG emission abatement. For example,
Zuberi et al. [6] estimated potential CO2 savings of 31 MtCO2 per year by the deployment of
industrial heat pumps in U.S. food manufacturing. They also reached conclusions about the
major modifications to the U.S. electricity infrastructure needed to achieve this wide-scale
electrification. The importance of the carbon footprint of the electricity network was also
highlighted in [7]. Schoeneberger et al. [8] stressed the necessity to take into account the
environmental content of the grid mix to appropriately quantify the savings. However,
their assessment also remained limited to GHG evaluation. The same approach is found
in [2], in which the impact of several scenarios (business as usual, energy policy, and
net-zero) on the decarbonization of the Swiss pulp and paper industry were assessed using
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techno-economic and GHG indicators. These authors stressed the role to be played by heat
pumps and biomass boilers, with the latter enabling a rapid decline in CO2 emissions, but
without considering the other environmental aspects.

Some other studies have used a broader environmental scope such as resource con-
sumption or pollutant emissions. For example, in studies on the decarbonization of the
glass industry [9] and the ceramics industry [10], the challenges related to material use (e.g.,
sand, gravel) were noted, but without discussing the details of the methodology used to
adequately take them into account or specifically addressing the contribution of the energy
consumption to these environmental impacts.

Hence, while GHG emission abatement has been systematically evaluated, the quan-
tification of the other environmental impacts remains limited. Consequently, this may lead
to an incomplete assessment, with a potential risk of environmental burden shifting [11,12].
This was also highlighted by Jovet et al. [13], who highlighted that the information given
by approaches based on energy efficiency is insufficient to capture their consequences for
the various environmental impacts.

Some recent studies have integrated LCA (life cycle assessment) to optimize energy
systems, with, for example, Terlouw et al. [14] stressing the need to go beyond climate
change impacts, as well as various processes: drying [15], the agri-food industry [16,17], or
jet fuel production [18]. With such an approach, Volkart et al. [19] highlighted the environ-
mental impacts resulting from a transformation of the Swiss energy system. However, their
sustainability assessment remains limited to the LCA approach without any comparison
to more macro criteria, like “planetary boundaries” as defined by Rockström et al. [20],
which consider the Earth’s carrying capacity. The same limitation is found in the pioneering
articles on the subject (e.g., [21]).

1.2. Sustainability Definition and Inclusion for Industrial Sectors’ Decarbonization

To appropriately assess the sustainability of a transformation, a large number of re-
search studies have developed dedicated analytical frameworks. One of the most known
methods was developed by the Stockholm Resilience Centre and is called “planetary bound-
aries”. It defines sustainable limits for nine criteria broken down into twelve sub-criteria,
beyond which equilibrium is threatened [20]. There are also other methods based on differ-
ent life cycle assessment methods such as those developed by Vargas-Gonzalez et al. [22]
and Sala et al. [23], which both proposed to introduce reduction factors defined as the ratio
of the “current global impact” to the “carrying capacity” for each LCA impact category.

One of the main limitations of these methods for application at the industrial level is
the difficulty of converting the global threshold into roadmaps at the process level. In order
to plan the transformation of energy systems, it is desirable for industries to have long-term
visibility and, therefore, ideally, to have targets to aim for. One problem in enabling this
is distributing the environmental impact defined at the global level between the various
sectors of activity. The choice of the share of the authorized environmental impact, also
named the “right to impact” by Ryberg et al. [24], is therefore needed to set objectives
for industries.

To address this challenge, several studies [24–26] evaluated different downscaling
principles, which are methods used to distribute overall impacts across sectors and in-
dividuals. There is a great variety of downscaling approaches, some based on physical
flows (e.g., ability to reduce, heat energy content, physical production output) and others
based on economic flows (equal per capita, historical debt, economic value added). As
stated by Bjørn et al. [25], it is often necessary to combine several of them to be able to
evaluate a specific process. However, each approach used to ensure that human activities
do indeed respect sustainable limits has different implications and limitations, and each
is not necessarily compatible with the others. Hence, these authors have classified them
into three categories: (i) egalitarian or inegalitarian (each person has the same right or not),
(ii) utilitarian (distribution based on the interests of society), and (iii) prioritarian (enabling
positive discrimination for disadvantaged parties).
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1.3. Present Work Objective and Novelties

The present work aims to appropriately include considerations on sustainability to
evaluate the decarbonization of industrial heat by electrification. To achieve this objective
several novelties are proposed:

(a) The sustainability of the electrification is evaluated against “sustainable levels based
on planet boundaries, resource consumption or human health; this is a clear step
forward if compared to other available works, which mainly conduct evaluations
using energy efficiency and/or LCA.

(b) The combination of utilitarian and prioritarian methods is used to perform the down-
scaling at the industrial sector scale. Two utilitarian criterions are proposed, one
based on the current GHG emissions level, and the other on economic value added.
It is then proposed to couple the economic criterion with a “contribution” indicator
developed in this work, which corrects the downscaling using a prioritarian principle
(penalization of highly contributing sectors).

(c) To illustrate the relevance of this original approach, the impacts of the electrification
of the heat generation for the Danish and French food industry sectors are evalu-
ated, so that two electrical mixes with different decarbonized production sources
are considered.

The proposed methodology is discussed in Section 2, with definitions of the French and
Danish electricity mixes, the energy and LCA models, and the proposed novel indicators
for sustainability assessment. The results are presented and discussed in Section 3. The
first sub-section in Section 3 is dedicated to discussing the environmental impacts and the
comparison of the sustainability limits defined with the two utilitarian approaches. The
second sub-section evaluates the relevance of integrating the prioritarian criterion.

2. Materials and Methods
2.1. Energy in an Environmental Assessment Framework

Two electric mixes are considered in the present study: those of Denmark and France.
To define the industrial heat demand and the available technologies to electrify its genera-
tion, the approach developed by Elmegaard et al. [27] and Bühler [28] was chosen. Within
this framework, three scenarios based on the study of the electrification of the Danish
food industry are considered: a reference scenario called “Business As Usual” (BAU),
which is complemented by two electrification scenarios: the Low scenario (Lo) includes
a massive electrification of the processes with the use of mechanical heat pumps (MHPs)
for temperatures up to 150 ◦C, while the High scenario (Hi) supposes heat pumps are able
to deliver heat at 300 ◦C. Each industrial sector is identified by its process type and the
operating temperature needed to define the appropriate process electrification technology.
Hence, MHPs (or mechanical vapor recompression, MVR) cover the heat demand until
their maximum operating temperature. For higher temperatures, heat is produced with
electric boilers and, if not possible, with gas boilers as a last option. Hence, the portfolio
of technological solutions to produce heat is identical to that found in [27,28], and the
performance data are retrieved from these references.

Beyond these three scenarios, only the marginal process is considered for the evalua-
tion of both energy and environment indicators. Hauschild et al. [29] defined the concept
of the marginal process as “the changes to the economy caused by the introduction of the
studied product system, i.e., the product system’s consequence”. In our case, the heat
production for the food industry represents a significant share of the energy market, so that
its electrification will also lead to a significant change in electricity production to satisfy this
new demand. Consequently, the environmental impact of these new sources of electricity
production is considered thanks to the so-called “consequential” approach, as embedded
in the Ecoinvent database [30].
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2.2. Energy an Environmental Assessment Framework
2.2.1. Energy Efficiency

The data used in the model are based on the current energy consumption of the
industry. The total final energy consumption (EcT) of the heat production process is given
by Equation (1):

EcT =
Epx,T

ηx,T .(1 − ε)
(1)

Epx,T represents the heating requirement at temperature T (at process or industry
scales), and ηx,T is the efficiency of the system for driving energy source x and an operating
temperature T assumed equal to that of the process. The share of heat losses is quantified
by ε, presented in Table 1, with typical values taken from Bühler [28].

Table 1. Share of energy losses within the system ε by fuel and temperature level, from [28].

Range [◦C] Direct Electrical Heating [%] Other Fuel Efficiency
(Gas, Oil or Coal) [%]

≤120 0 0
120–380 10 15
≥380 25 30

For mechanical heat pumps (MHPs—assumed to be transcritical CO2 heat pumps
as in [28]) and mechanical vapor recompression (MVR), ηx,T is equal to the coefficient of
performance (COP). For mechanical vapour recompression (MVR), the COP is supposed to
be equal to 5 according to [27]. For MHPs, the COP is defined as [28]:

COPMHP = ηLorenz ×
Tlm,sink

Tlm,sink − Tlm,source
(2)

where ηLorenz is the Lorenz efficiency with an assumed value of 0.45 [28]. Tlm,sink and
Tlm,source are defined by:

Tlm,sink =
Tsink,out − Tsink,in

ln(Tsink,out)− ln(Tsink,in
) (3)

Tlm,source =
Tsource,in − Tsource,out

ln(Tsource,in)−ln(Tsource,out
) (4)

where Tsink,in and Tsink,out are, respectively, the input and output temperatures of the
sink, and Tsource,in and Tsource,out are, respectively, the input and output temperatures of
the source.

For boilers, an efficiency of 1 (i.e., ηx,T = 1), regardless of the temperature level and the
fuel (electric, gas, oil, or coal boilers, with the latter still being used in the BAU scenario).

2.2.2. Danish and French Consumption Scenarios

The energy consumption per energy source of the Danish food industry (Figure 1a)
is evaluated using industrial consumption data (Epx,T) from the Danish Energy Agency,
Energistyrelsen [31]. It appears that gas, followed by oil and coal, are the main energy
sources for heat generation in the current food industry. For both Lo and Hi scenarios, all
the demand can be covered through electrification—except slaughterhouses because of
the higher temperature required. However, the share of MHPs depends on the scenario
and, therefore, on the availability of MHPs for very high temperature applications (up to
300 ◦C). The “other food industry” category includes all the industries not covered by the
other four categories. It was chosen for the present study as its energy distribution is close
to the average of the Danish food industry as a whole (gas share of 70% vs. 68%, oil share
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24% vs. 22%, and coal share of 6% vs. 9% for “other food industry” and the Danish food
sector, respectively).
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Figure 1. Food industry energy consumption by sub-sector and by energy source in 2015 for
(a) Denmark and (b) France.

The details of final energy demand by energy source of the French food industry are
presented in Figure 1b. The data are taken from the National Institute of Statistics and
Economic Studies of France [32]. Due to a lack of detailed data, the distribution of processes
and temperature requirements is assumed to be equivalent to that of the Danish industry.
Unlike the Danish case, the French sector relies almost exclusively on gas, which accounts
for almost 98% of the energy used in all the sectors studied. It is also possible to see a
different breakdown between sectors, with a lower share for the four major sectors and,
therefore, a higher share for “other food industry”.

2.2.3. Electricity Mix

The marginal electricity mix for Denmark comes from the consistent Ecoinvent 3.7.1
database [30], as presented in Table 2, and is allocated as follows: less than 0.1% from hydro
river production, 61.0% from wind power, and 39.0% from biomass. For the marginal
electricity mix for France reported in Table 2, we chose to consider the scenario N1 from
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the French Transmission System Operator [33,34] instead of the Ecoinvent scenario; this
is because the former differs from the latter, with biomass not being seen as a major
contributor, in official scenarios, to the evolution of the French electricity mix. These
marginal electricity mixes are defined at a medium-high-voltage grid scale, which explains
the absence of solar PV, which is mostly connected to the low-voltage grid and is therefore
used to a negligible extent by industry.

Table 2. New electricity installed capacity by 2050; repartition for Denmark based on data from the
Ecoinvent database and for France based on scenario N1 from French TSO.

Denmark France

Wind power 61% 76%

Bio-energy 39% 0%

Hydro power 0% 1%

Nuclear 0% 23%

Others <1% <1%

This study examines the potential environmental impact of decarbonized electricity
mixes. The grid regulation for intermittent energies is based on French TSO studies [33,34];
it is managed using batteries, trade across European countries, and change in flexibility, but
not by carbon energies, as is currently the case. The battery requirement for both countries
is estimated using French TSO (RTE) studies. Indeed, according to these TSO scenarios, as
only marginal processes are considered here, electricity storage at the grid scale is mainly
achieved thanks to batteries, in the absence of the potential to significantly increase the
pumping station storage.

The environmental impact of the battery requirement (BR) to balance the grid (kgbat/
GWhgrid) is calculated using Equation (5); the results for each electricity mix are presented
in Table 3a.

BR = b·EtP
Ed

(5)

where b is the battery power-to-grid consumption ratio described in Table 3b, in GWbat/
GWhgrid, and is derived from the RTE study [33]; EtP is the battery energy-to-power ratio
(GWh/GW), supposed to be designed for 5 h [35], which corresponds to the duration for
which the module can operate at its rated output; and Ed is the battery energy density, set
at 0.2 kWh/kg [36]. For LCA assessment, the battery life time is set at 10 years [37].

Table 3. Battery data used in the modeling with (a) controllable rate scenarios and (b) electricity
storage assumptions for batteries in France with the regression used to estimate the battery power
needed to regulate the grid from five electricity mix scenarios [34].

(a) Controllable rate Battery requirement (BR)
(kgbat/GWhgrid)

French electricity 23% 668.8

Danish electricity 39% 368.8

(b) Battery power
capacity (GW)

Battery power to electricity consumption
ratio (GWbat/GWhgrid)

Controllable
electricity rate

Sc. N03 1 1.5 × 10−6 62%

Sc. N2 2 3.0 × 10−6 42%

Sc. N1 9 1.3 × 10−5 38%

Sc. M1 21 3.0 × 10−5 24%

Sc. M0 26 3.6 × 10−5 11%
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2.3. Environmental Model Description

The aim of this LCA is to model the environmental impacts of different heat production
technologies in order to determine the solutions with the lowest impact and to benchmark
these with the carrying capacity of Earth. The functional unit used is the heat production
needed to meet the current demand of the industrial food processes over 1 year in France
and Denmark in 2015.

The analysis was performed using the Ecoinvent 3.7.1 LCI database for modeling
background processes [30], based on the marginal process defined in the assessment
framework. The following methodology is based on ISO 14040/14044 standards [38,39].
More assumptions and information that are required to follow the ISO standards of the
LCA are detailed in Appendix A.

The life cycle impact assessment methodology used to assess the environmental impact
is the EF 3.0 methodology [40]. The assessment boundaries include all impacts from the
cradle to the grave, including transport and conversion losses for the life cycle of energy
and the equipment life cycle. There is no coproduct in this assessment, i.e., the heat is
intended entirely for the industrial process. This study focuses on heat production and,
therefore, does not consider other impacts of the agri-food process (non-energy inputs, for
example). The integration of the new heat production system on the site is also neglected
because this accounts for only a small part of the system’s impact and it varies greatly
from one plant to another. Lastly, the impact of the current energy system, which will be
replaced, is not negatively accounted for in the balance, with the objective here being to
compare different systems with respect to a sustainable level that is independent of the
type of energy initially used by the system.

For the refrigerant, a charge by power unit ratio of 2.0 kg/kW [41], an annual leakage
rate of 5% [41], and an end-of-life leakage rate of 15% [42] are considered.

2.4. Environmental Sustainability Assessment

The life cycle assessment is expanded to include environmental sustainability. Note
that for the sake of simplicity, the environmentally sustainable limit is henceforth referred to
as the sustainable limit’. Sustainable limits are based on the carrying capacities of the whole
Earth system in the face of various anthropogenic pressures, based on planetary boundaries
and extended with human health [29]. Global sustainable levels for all human activities
are defined using Equation (6) on the basis of the current impact, which is corrected with
reduction factors. The latter were derived from Vargas-Gonzales et al. [22], except for
marine eutrophication, which is based on [43], and climate change, which is based on the
AIM/CGE 2.2 scenario published by [44]. This scenario is used in IPCC AR6 as one of
the reference scenarios to limit warming to 2 ◦C without overshooting [45]. It sets out
the targeted reduction in emissions between 2015 and 2100 to respect the 2 ◦C target. In
this work, it is used to define targets for the climate change indicator over different time
periods, as presented in Table 4. These periods are not used for the other impact categories
or for a possible improvement in the technologies (such as MHP or MVR) in the future.
The reduction factors are divided into three periods of 25 years (average lifetime of heat
production technologies): 2015–2040, 2040–2065, and 2065–2090, as presented in Table 4.

SLtot,y =
Itot,y

Rfy
(6)

where SLtot,y is the global environmental sustainability threshold for environmental impact
“y”. Itot,y is the total impact of the human activities over a year for environmental impact
y using the base year 2010, which is the closest year to the studies on sustainable levels
provided by the EF 3.0 method. Itot,y units depend on each impact category. Rfy is the
reduction factor used to reach a sustainable level for environmental impact “y” presented
in Table 4. A value of Rfy below 1 indicates that the current level is below the sustainable
level, while a value greater than 1 indicates that the sustainable level is exceeded.
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Table 4. Reduction factors used for the 16 impact categories from EF 3.0.

Impact Category Reduction Factor Source

Climate change (budgeting 2015–2040) 1.23 [44]

Climate change (budgeting 2040–2065) 2.22 [44]

Climate change (budgeting 2065–2090) 16.08 [44]

Ozone depletion 0.28 [22]

Ionizing radiation 0.01 [22]

Photochemical ozone formation 0.54 [22]

Particulate matter 5.97 [22]

Human toxicity, non-cancer 0.9 [22]

Human toxicity, cancer 0.26 [22]

Acidification 0.3 [22]

Eutrophication, freshwater 3.22 [22]

Eutrophication, marine 8.2 [43]

Eutrophication, terrestrial 0.3 [22]

Ecotoxicity, freshwater 0.85 [22]

Land use 9.33 [22]

Water use 0.51 [22]

Resource use, fossils 4.08 [22]

Resource use, minerals and metals 4.08 [22]

At the level of a particular human activity or an industrial sector, the sustainable level
from sector (SLs,y) is derived from SLtot,y following Equation (7):

SLs,y = SLtot,y·τs,y (7)

where τs,y represents the share of environmental impact y authorised for the considered
sector “s”, which depends on the importance of this sector in relation to all human activities.
The sum of τs,y for all human activities must be lower than or equal to 1 in order not
to exceed the sustainable limit for impact category “y”. Allocating τs,y to each sector of
human activity is definitely open to discussion [24–26]; it may be based on economic
or environmental considerations, prioritizing basic human needs or their ability to pay
for it, etc. Two approaches are compared and discussed to present the advantages and
disadvantages of each choice:

• The simplest approach is to use the share of the current sector impact in relation to the
total environmental impact, as presented in Equation (8):

τs,y =
Is,y

Itot,y
(8)

where Is,y represents the contribution of the heat production over one year for impact
category “y”.

• The second approach is based on the economic importance of the sector considered in
relation to all human activities. It is calculated using the economic value added (EVA)
of the process compared to the global value added (EVAtot):

τs =
EVAs

EVAtot
(9)
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The downscaling based on current emissions is probably the easiest for industry to
assess because it depends solely on its own emissions. It is therefore possible for each
industry to assess its level of impact and to put in place the measures required to make the
necessary gains. On the other hand, this approach implies that the reduction is based on a
current level of emissions, and it will be less difficult for industries that have not improved
their processes yet to achieve the desired level, compared to those that have already begun
their transformation. The second method was designed to avoid this bias, by dividing the
global impact according to the added value of the process. This method therefore makes it
possible to set a limit on the impact per added value generated, assuming that value added
reflects the sectors in which human activity is willing to place value. As added value data
are also easily accessible, this method is also relatively simple to implement.

The environmental sustainability ratio (SRs,y) defines the ratio between the resulting
impact of a process and the corresponding space allowed for the sector:

SRs,y =
Is,y

SLs,y
(10)

Sustainability is achieved for the proposed solution for a value below 1; conversely
unsustainability is identified by a ratio above 1. The lower the value of SRs,y, the further
from the boundaries the solution.

2.5. Contribution Level

To refine the information given by the sustainability ratio, it is necessary to estimate
the extent of the impact for a given impact category. To reach this objective, a “Contribution
Level” (CL) is defined. It compares the generated impact “y” per added value of human
activity for the given sector “s”, Is,y/EVAs, to the overall value (i.e., global contribution of
impact “y” for the global value added), Itot,y/EVAtot:

CLs,y =

Is,y
EVAs
Itot,y

EVAtot

(11)

A value of CLs,y means the share of emissions is aligned with the share of EVA created.
On the contrary, a low (or high value) implies an environmental contribution that is not
aligned with the value created, which leads to an insignificant (or predominant) environ-
mental contribution of the process on the impact category, regardless of whether or not
this contribution is sustainable. It should be noted that the contribution level and the τs,y
indicator both use the economic value EVA but reflect different aspects. Indeed, τs,y repre-
sents the “right to impact” of a process, i.e., the proportion of emissions that a sector can
afford, which is complex and depends on many factors, so there is currently no commonly
accepted definition. The contribution level indicator compares the environmental impact
per EUR of EVA generated by the process with the world average. In other words, this
indicator can be used to assess whether the process is more or less virtuous in a particular
impact category than the rest of human activity, and therefore to determine whether it
makes a significant contribution to the impact in relation to its size.

The various indicators were calculated for 2019. Corresponding data were taken
from [46] for Denmark, ref. [32] for France, and [47] for the world. As the Danish EVA
value includes “Production of compound feed”, “Production of Sugar”, and “Other food
industry”, the distribution of EVA was made in proportion to the energy consumption
between these three sectors.

3. Results

The environmental assessments of French and Danish scenarios are presented in
Section 3.1 and compared to the sustainable limits using the sharing principal defined in
Equations (8) and (9). In Section 3.2, the sustainability ratio is compared to the contribution
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level, which provides another perspective for the analysis of the sustainability of the
different scenarios.

3.1. Environmental Assessment of the Scenarios Compared to the Sustainable Level

The environmental impacts of the “other food industry” sector are presented in
Figure 2 for the three scenarios (BAU, Lo, and Hi), and with the sustainable levels cal-
culated from the downscaling based on current emissions (in green, Equation (8)) and
the EVA-based approach (in blue, Equation (9)). For the “climate change indicator”, the
sustainability levels calculated with the two sharing principles for the periods 2040–2065
and 2065–2090 are plotted. The period 2015–2040 is not presented because the average
gain over this period is marginal (reduction factor of 1.2), and therefore shows no change
compared with the BAU level.
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Denmark, using logarithmic scale. SL* is the sustainable level normalized by the total impact Itot. SL*
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arrows represent the consequence of electrification for the Lo and Hi scenarios.

There are no significant differences between the Lo and Hi scenarios. However,
when turning from BAU to Lo or Hi scenarios, significant variations in several impact
categories can be observed, with four impact categories exhibiting different behaviours in
the two countries:

• “Ionizing radiation”. The use of nuclear power leads to a significant increase in this
indicator for France, while it decreases for Denmark due to the prevalence of wind
and biomass in the mix. It is noteworthy that, despite this increase, the impact remains
below sustainable levels.

• “Land use”. Both countries see a significant increase because current fossil-based mixes
are the most efficient solutions for this indicator. However, the extent of the increase
depends heavily on the transformation strategy. The difference between the 11-fold
increase for France and the 59-fold for Denmark is mainly due to the use of biomass.

• “Resource use, fossil”. As the use of fissile material is included in this contribution, the
presence of nuclear power impacts the French industry by maintaining a level close to
the current one, while for the Danish mix, a significant decrease is observed.

• “Resource use, mineral and metal”. The increase is more significant for France, with a
higher share of non-controllable energy (Table 3) and, therefore, a more significant use
of batteries. Similar to the “land use” impact, it is observed that the sustainable level
is overtaken by the sector because electrification leads to increased consumption of
mineral resources.
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Biomass generally enables the consumption of fossil and mineral resources to be
limited, but it leads to an increase in land use and particle emissions. For both countries,
electrification enables the reduction in the “climate change” indicator below the sustain-
able limits in the period 2040–2065, but at the expense of other environmental indicators.
However, for the period 2065–2090, this indicator is below both sustainable limits, so other
actions are required to cope with climate change.

As Figure 2 shows, the choice of the sharing principle has a major influence on the
sustainable level of each environmental impact. For example, for the French case, the
sustainable limit for “climate change” is three times lower with the EVA-based indicator
than with the current impact-based indicator. On the other hand, the difference between
the two indicators is the opposite for the “land use” impact, with a factor of 100 between the
two allocation methods. The BAU scenario is in fact one of the worst in terms of “climate
change” and, on the contrary, one of the best in terms of “land use”, due to the predominance
of gas for heat production. Consequently, even if the calculated sustainable level for “climate
change” is lower than the current level, it leaves room for other technologies with a better
impact on “climate change”—such as those developed in the Lo and Hi scenarios—to reach
this threshold. However, given that the total impact of “land use” also needs to be reduced
by a factor of 9.33, and that the BAU scenario’s impact for this category is already low, this
leaves no room for other technologies for this impact category. This example shows that
defining sustainability on the basis of current impacts imposes limits on future technologies
based on current production systems. However, the environmental impacts of alternative
energy solutions are very different from current ones and therefore not compatible with
this choice. On the contrary, the EVA-based sharing principle distributes the “right to
impact” among all sectors of activity, on the sole basis of the economic value of their
production, irrespective of the current energy system used for this production. This choice
avoids imposing constraints that are specific to the type of energy initially installed, so
as not to exceed the environmental impacts that are already the lowest for the current
production system.

However, there is a limit to the method based solely on EVA, as this value is currently
based on an unsustainable economy that exceeds a large number of planetary limits [20,48].
It would therefore be necessary to add other criteria to this analysis, for example, by
differentiating between economic sectors vital to human needs and others, in order to
attribute the “right to impact”.

3.2. Combined Sustainable Ratio and Contribution Level

In order to obtain a more complete picture of the impacts, the contribution level (CL,
Equation (11)) is introduced in Figure 3 and compared to the sustainable ratio (SR, Equation
(10)) for each environmental indicator presented in Figure 2 for both France and Denmark.
As the differences between Lo and Hi scenarios are negligible for this industry sector, the
latter is not displayed, but only BAU and Lo scenarios.

Four trends are identified in Figure 3:

• Bottom-left zone. The sustainability ratio as well as the contribution level are lower than
1, meaning the reported impacts (e.g., “ozone depletion”) correspond to a sustainable
level and to a contribution share below the average of human activities, i.e., the
considered sector is not a major contributor in the global economy for these impact
categories and is hence of less importance. Even if this sector grows in the future, it is
not expected to have a major global impact for the considered environmental indicator.

• Bottom-right zone. The sustainability ratio is lower than 1, while the contribution level
is greater than 1. This is the case for impacts for which a sustainable level is reached
but with a contribution share above the average. Hence, despite their sustainability,
the significance of these categories in the global economy implies the need to look
carefully at them. While no impact category is present in this zone for France, some
can be found for Denmark, such as “acidification”, because of the importance of the
agri-food sector.
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• Top-left zone. The sustainability ratio is greater than 1 while the contribution level
is lower than 1. In this case, the resulting impacts are unsustainable, but the con-
tribution share is low compared to that of the other activities. Consequently, the
growth or decline in this economic sector is not expected to result in a major modifi-
cation in compliance with global sustainability thresholds for the considered impact.
“Eutrophication” for France and “resource use, mineral and metal” for Denmark are in
this configuration.

• Top-right zone. In this zone, both the sustainability ratios and the contribution level
are greater than 1, meaning the impact categories concerned are both unsustainable,
contributing more than the average of human activities. Categories such as “resource
use, minerals and metals” are the most critical after electrification as the sector makes a
major contribution to the unsustainability of these indicators. For Denmark, “land use”
is also in this category due to the high share of biomass in the electricity mix.
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To better highlight the consequences of the electrification of the food industry, the
changes in impact between BAU and Lo cases are plotted in Figure 4 for France. Elec-
trification does not bring a general improvement in all environmental impact categories;
improving indicators can be found in Figure 4a while worsening ones are in Figure 4b.
This impact/contribution classification highlights the categories to be considered more
specifically. In particular, impact categories located in the top-right zone are estimated to
be within unsustainable ranges and may limit the growth of one sector and/or require a
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trade-off with other sectors. In the BAU configuration, the “other food industry” sector
has a major impact on the “climate change” and “resource use, fossil” categories due to the
use of fossil fuels. After electrification, the pressure on these two impact categories is
less significant but results in an increase in other categories such as “land use” or “resource
use, mineral and metal”. The sector is therefore in competition with other sectors such as
agriculture for “land use”, or with electric mobility, for example, for “resource use, mineral
and metal”.
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From these results, it appears clearly that the heat decarbonization of the considered
sectors by electrification is not compatible with achieving a sustainable level for all the
assessed environmental indicators, as several potential significant environmental burden
shifting issues were identified, like those for “land use” or “resource use, mineral and metal”.
The chosen paths for electricity decarbonization determine the concerned impact categories,
so the decision making-process has to properly consider the whole set of environmental
indicators and the various roadmaps at the country level.

The results presented in this article focus on the agri-food sector for Denmark and
France, but some conclusions can be generalized to a wider scope. In terms of applications,
there are many sectors with significant potential [49]. The sustainability of these different
sectors depends heavily on the efficiency of the substitution systems that can be considered
for decarbonization. The food industry is a sector with strong potential for the development
of MHP, which enables the overshoot of sustainable thresholds to be limited, with a
COP that can be higher than 3 in most applications. For other sectors requiring higher
temperatures or special processes (induction, etc.), electrification is likely to result in
higher overshoots. In addition, the proposed approach needs to be combined with an
economic assessment of electrification to ensure its feasibility and, above all, the motivation
of industries to make this transition. Jovet et al. [7] proposed an approach for assessing
the economic feasibility of switching from gas to electricity. To go further, it would be
interesting to develop this approach for different types of electricity mixes in different
geographical contexts to extend the analysis.

In addition, using an assessment method that corrects the sustainable level (SR) with
the contribution level (CL) could offer interesting perspectives for evaluating mitigation
solutions. This gives additional weight to sectors that have a higher ability to significantly
reduce their overall impacts compared to other activities. This factor aims to correct the
downscaling of a utilitarian method based on economic value by adding a prioritarian
method that penalizes the least efficient solutions per unit of value added.
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4. Conclusions

The present research work aims to go further in the assessment of the sustainability
of industrial heat decarbonization than the standard approach based on LCA, by includ-
ing sustainability criteria based on “sustainable levels”. To achieve this objective, new
approaches are proposed to downscale a sector scale, using sustainability indicators that
are mainly evaluated at the planet scale. A first approach consists in estimating the share of
a given sector from an “utilitarian” point of view, referring to its share at the world scale
in terms of the considered impact or to its economic importance (EVA, economic value
added). To complement this first approach, the combination with a prioritarian criterion
(penalization of highly contributing sectors) is proposed. The decarbonization of the food
sector for Denmark and France through electrification is evaluated as a use case.

Compared to a reference configuration (i.e., heat production with a gas boiler), the
electrification of heat production led to an improvement for some LCA indicators (e.g.,
climate change and ozone depletion for both cases) but also to the degradation of several
(e.g., land use, and resource use, minerals and metals). The magnitude of the improve-
ments/degradations is directly related to the characteristics of the country’s electricity mix
and to the electrification scenario (two scenarios were evaluated: “Lo” for electrification
up to 150 ◦C in temperature demand, and “Hi” for electrification up to 300 ◦C), which
increases the share of food processes that can be covered.

From these results, a significant impact of the downscaling method on the evaluation
of sustainability was highlighted. For example, for the French case, the sustainable limit
for “climate change” is three times lower with the EVA-based indicator than with the
current impact-based indicator. The limitation of the approach based on the actual share
in the impact at the world scale is also evidenced in this work. For example, focusing
on the “land use” criterion, the BAU (Business as Usual) scenario appears to be a better
option to achieve “sustainability”; in contrast, based on the “gas boiler”, whose current
contributions to “land use” are low, both electrification scenarios appear less sustainable.
By shifting to EVA-based criterion, both electrifications scenarios were found to be very
close to the sustainable level for France, and the importance of their contributions beyond
sustainability was significantly reduced for Denmark. Hence, the approach based on EVA
appears to be more relevant to the authors for appropriately assessing a transformation of
an energy system in order to avoid discarding any modification because of the potential
high efficiency of the BAU reference solution in many criteria.

To further improve the analysis of the sustainability, a “contribution level” indicator
was introduced. To the sustainable level criteria, this adds an additional weight for sectors
that have a higher ability to significantly reduce their overall impacts compared to other
activities by combining their shares in both total EVA and total environmental impact.
From the new mapping obtained, four categories were defined to easily identify the impact
categories for which the sector will make a significant contribution compared to other
sectors. In particular, this makes it possible to assess the relevance of a change in technical
solutions by ensuring that it does not compete with other sectors where the impact may be
critical. These four categories cover zones for which (1) a sustainable level is reached and
the contribution is below the average of human activities, (2) a sustainable level is reached
but the contribution is higher than the average of human activities, (3) no sustainable
level is reached and the contribution is below the average of human activities, and (4) no
sustainable level is reached and the contribution is higher than the average of human
activities. Consequently, any indicator belonging to category no. 4 (e.g., “resource use,
minerals and metals” for both France and Denmark) has to be considered a priority, while
those belonging to category no. 1 can be overlooked (e.g., “ozone depletion” for both France
and Denmark). This exhibits the benefit for integrating the proposed “contribution level”
indicator in the assessment of pathways to decarbonize industrial heat.

As future work, the evaluation of other sectors and other countries to increase the size
of the dataset would be of high interest. It would then be possible to define strategies for
different sectors in order to reduce the competition that can arise over the long term by
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transforming these sectors following the conclusion of the same methodology. A thorough
assessment of the main downscaling options is also needed to define the “right to impact”
for each sector, so as to draw up a clear roadmap for industry. This type of approach is
both technical (what are the best technical options?) and sociological (what changes are
acceptable to society?), so an interdisciplinary approach is essential for this matter.
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Appendix A

The LCA methodology is based on ISO 14040/14044 standards [38,39] and the present
section presents the different steps of the methodology.

Goal. The goal of the environmental model is to assess the impact of different industrial
heat production technologies using life cycle assessment. These results are compared to
environmental thresholds to assess their sustainability. The study generates a large number
of possible combinations of heat production technologies to meet industrial needs. The
environmental assessment will be coupled with an economic and energy analysis of the
process. This study is in a decision context, which can be described as a macro-level
decision support (Situation B). This is defined by Hauschild et al. [29] as the assessment of a
process “expected to cause structural changes in one or more processes of the systems that
the studied product system interacts with”. The main limitations due to methodological
choices are:

(i) This study does not consider increased or decreased process need;
(ii) The environmental threshold needs to be adapted for every process to consider this

specificity;
(iii) The solutions proposed in this study are a set of non-dominated solutions and there is

no single dominant solution.

Scope. The goal of this study is to assess the environmental impact of electrification
technologies for the food industry sector for different configurations, i.e., for France and
Denmark, type of process, and level of temperature. For this matter, the functional unit
used is the heat production needed to meet the current demand of the industrial processes
over 1 year in France and Denmark in 2015.

Life Cycle Inventory Analysis. This study considers consequential modeling as the
aim is to evaluate the change induced by the system transformation. The environmental
data are from the Ecoinvent database v3.7.1 [30]. Consequential modeling is defined by
Hauschild et al. [29] as the “aim to describe the changes to the economy caused by the
introduction of the studied product system”. There are no multifunctional processes in
the life cycle inventory (LCI) modeling framework. The system boundary is presented in
Figure A1, with the detail of every considered and excluded process from the LCA. The
two main processes not considered in the study are (i) the connection with the process due
to the high level of specificity and minor environmental impact compared to the process
itself and its energy consumption, and (ii) the process requirements in material, chemical,
and consumable sectors. It is possible to adapt the method to integrate a process as a whole,
i.e., not only the energy part, but this would require a level of information on the process
that is difficult to obtain in order to subsequently determine the level of impact that can
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be considered sustainable. The last element not considered in this study is the benefit
from the gas avoided by the new system compared to the current one (which is mainly
fossil-based). This choice was made in order to assess the level of impact from a technical
solution compared to an acceptable level of impact, and not to compare the benefit of the
change with the proposed solution compared to the current energy system.
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Figure A1. Flow diagram. The blue line indicates the system boundaries; all processes outside of the
line are not considered in this study. The grey box represents the avoided energy consumption due to
the change in the heat production system.

Geographical, temporal, and technological scopes. The scenario is constructed using
the currently available LCA data, which are corrected using the available energy scenarios
(Figure A2). One of the assumptions is that the development of new electricity generation
is sufficiently constant to assume that the distribution of new generation remains valid for a
current evaluation. Finally, regarding the technological choice, the technologies considered
in this study are those with a high level of maturity, with a TRL of 8 or 9. This study
therefore does not consider any disruptive technology or any potential improvements
in efficiency.
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environments, and indoor environments 
within urban and rural areas. 

Human toxicity, 
non-cancer 

CTUh Comparative Toxic Unit for humans. Using 
USEtox consensus multimedia model. It 
spans two spatial scales: continental scale 
consisting of six compartments (urban air, 
rural air, agricultural soil, natural soil, 
freshwater and costal marine water), and the 

Human toxicity, 
cancer CTUh 

Figure A2. Modeling of heat production with future trends; figure adapted from Anderson et al.
work [50].

Life Cycle Impact Assessment. Selection of impact categories, classification, and char-
acterization are conducted using the EF 3.0 methodology developed with the Joint Research
Center from the European commission [40] for the environmental analyses, and the meth-
ods named cumulative energy demand (CED) and cumulative exergy demand (CExD). The
impact categories used with their description are presented in Table A1.
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Table A1. Environmental and energy impact categories with descriptions from SIMAPRO
software (v9).

Source Impact Category Units Description

EF 3.0

Climate change kg CO2 eq
Radiative forcing as Global Warming Potential GWP100
Baseline model of the IPCC 2013 with some factors adapted
from EF guidance.

Ozone depletion kg CFC11 eq
Ozone Depletion Potential calculating the destructive effects
on the stratospheric ozone layer over a time horizon of
100 years.

Ionising radiation kBq U-235 eq
Ionizing Radiation Potentials: Quantification of the impact
of ionizing radiation on the population, in comparison to
Uranium 235.

Photochemical ozone
formation kg NMVOC eq Expression of the potential contribution to photochemical

ozone formation.

Particulate matter disease incidence

Disease incidence due to kg of PM2.5 emitted.
The indicator is calculated applying the average slope
between the Emission Response Function (ERF) working
point and the theoretical minimum-risk level. Exposure
model based on archetypes that include urban
environments, rural environments, and indoor
environments within urban and rural areas.

Human toxicity,
non-cancer CTUh

Comparative Toxic Unit for humans. Using USEtox
consensus multimedia model. It spans two spatial scales:
continental scale consisting of six compartments (urban air,
rural air, agricultural soil, natural soil, freshwater and costal
marine water), and the global scale with the same structure
but without the urban air.

Human toxicity, cancer CTUh

Acidification mol H+ eq
Accumulated Exceedance characterising the change in
critical load exceedance of the sensitive area in terrestrial
and main freshwater ecosystems, to which acidifying
substances deposit.

Eutrophication, freshwater kg P eq

Eutrophication, marine kg N eq
Nitrogen equivalents: Expression of the degree to which the
emitted nutrients reach the marine end compartment
(nitrogen considered as limiting factor in marine water).

Eutrophication, terrestrial mol N eq
Accumulated Exceedance characterising the change in
critical load exceedance of the sensitive area, to which
eutrophying substances deposit.

Ecotoxicity, freshwater CTUe

Comparative Toxic Unit for ecosystems. Using USEtox
consensus multimedia model. It spans two spatial scales:
continental scale consisting of six compartments (urban air,
rural air, agricultural soil, natural soil, freshwater and costal
marine water), and the global scale with the same structure
but without the urban air.

Land use Pt
Soil quality index.
Calculated by JRC starting from LANCA® v 2.2 as baseline
model.
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Table A1. Cont.

Source Impact Category Units Description

EF 3.0

Water use m3 deprivation

User deprivation potential (deprivation-weighted water
consumption)
Relative Available WAter REmaining (AWARE) per area in a
watershed, after the demand of humans and aquatic
ecosystems has been met. Blue water consumption only is
considered, where consumption is defined as the difference
between withdrawal and release of blue water. Green water,
fossil water, sea water, and rainwater are not to be
characterised with this methodology.

Resource use, fossils MJ
Abiotic resource depletion fossil fuels; based on lower
heating value ADP for energy carriers, based on van
Oers et al., 2002 as implemented in CML, v. 4.8 (2016).

Resource use, minerals
and metals kg Sb eq

Abiotic resource depletion (ADP ultimate reserve) ADP for
mineral and metal resources, based on van Oers et al., 2002
as implemented in CML, v. 4.8 (2016).

Ecoinvent

Cumulative energy
demand MJ

Method to calculate Cumulative Energy Demand (CED),
based on the method published by Ecoinvent version 2.0
and expanded by PRé Consultants for raw materials
available in the SimaPro 7 database. The method is based on
higher heating values (HHVs).

Cumulative exergy
demand MJ In this method exergy is used as a measure of the potential

loss of “useful” energy resources.

In this work, we do not use the optional normalization developed by the EF 3.0 method
to compare the impact with the current impact level, but we propose comparing the level
of impact with the sustainable level defined in Section 2.4.
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