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Abstract: The benefits of energy flexibility measures have not yet been conclusively assessed from
an ecological, economic, and social perspective. Until now, analysis has focused on the influence
of changes in the energy system and the ecological and economic benefits of these. Therefore, the
objective of this study was to perform a life cycle sustainability assessment of energy flexibility
measures on the use case of a bivalent crucible melting furnace in comparison with a monovalent
one for aluminum light metal die casting. The system boundary was based on a cradle-to-gate
approach in Germany and includes the production of the necessary process technologies and energy
infrastructure and the utilization phase of the crucible melting furnaces in non-ferrous metallurgy.
The LCSA is performed for different economic and environmental scenarios over a 25-year lifetime to
account for potential adjustments in the energy system and volatile energy prices. In summary, it
can be said that over the entire service life, no complete ecological, economic, and social advantage
of energy flexibility measures through a bivalent system can be demonstrated. Only a temporarily
better life cycle sustainability performance of the bivalent furnace can be shown. All results must be
considered with the caveat that the bivalent crucible melting furnace has not yet been investigated in
actual operation and the calculations of the utilization phase are based on the monovalent crucible
melting furnace. To further sharpen the results, more research is needed and the use of actual data
for bivalent operation.

Keywords: life cycle sustainability assessment; energy efficiency; energy flexibility; bivalent systems

1. Introduction

According to the latest findings in the sixth assessment report of the intergovernmental
panel on climate change (IPCC), the 1.5 ◦C target is likely to be reached as early as 2021
to 2040, with the global surface temperature estimated to increase by 0.27 ◦C to 0.63 ◦C
per 1000 Gt CO2 emitted [1]. To reduce emissions, there are numerous efforts, such as the
EU Green Deal, to encourage EU member states to significantly reduce their emissions in
order to make Europe the first climate-neutral continent by 2050 [2]. Especially emission-
intensive processes in industry are considered one of the key levers to reduce greenhouse
gas emissions, as industry is the third largest greenhouse gas emitter worldwide, with a
share of 19% in 2018 [3]. In Germany, industry directly follows the energy sector, with
24% of greenhouse gas emissions in 2020 [4]. In addition to a more sustainable design of
production systems as an essential prerequisite for the future viability of the economy, e.g.,
through biointelligent production [5–7], the progressive transformation towards renewable
energy sources and sustainable converter and storage technologies is also considered a key
objective for reducing greenhouse gas emissions. However, the widespread implemen-
tation of such future technologies faces various difficulties such as the use of critical and
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scarce materials such as platinum, lithium, or iridium [8–10]. Furthermore, the increas-
ing share of renewable energy sources, e.g., photovoltaic or wind power plants, has an
impact on grid stability and increases the difficulty of maintaining it. Energy flexibility is
the ability to adjust to the changes in the energy market quickly and with few financial
expenses [11]. In order to ensure a smooth supply of electricity, there must be a constant
balance between electricity demand and generation. Demand side management or load
management controls the demand for electricity through the targeted switching on and
off of loads based on direct or indirect market signals. There are several types of measures
available for companies. These energy flexibility measures can be implemented in the short,
medium, or long term and activated more or less quickly and flexibly. This also results
in a new target dimension in manufacturing system design and operation [12]. Examples
are the storing of energy, adapting the process start or shift time, or changing the energy
carrier [13,14]. Machines or processes with the ability of the latter are called bivalent or
hybrid systems [15]. Hybrid and bivalent systems can face this challenge by changing the
energy carrier. Furthermore, the ability to change the energy carrier can reduce the risk
of choosing the more expensive energy carrier in the long term and reduce energy costs
during the operating period [16,17].

One of the energy-intensive processes with high potential for energy flexibility and
bivalent or hybrid systems is light metal die casting. Die casting is one of the permanent
mold casting processes in which a melt is injected into a metallic mold under high pressure
and at high speed. Depending on the process, product, alloy, and quality, the temperature
of the melt is between 640 and 680 ◦C. The melting furnace has a high proportion in the
total energy consumption of the die-casting process. In principle, such a furnace can be
operated electrically or fuel-heated [18]. With a bivalent design, a dynamic switch between
the energy sources electricity and natural gas during operation becomes possible, yielding a
high flexibility potential [19]. A change depends on the energy prices and is possible within
five minutes. In the technical implementation of a bivalent furnace, electric resistance
heating elements can realize the electrical operation mode and a cold air burner the fuel-
heated one. So far, the advantages of energy flexibility measures have not been conclusively
clarified from an ecological, economic, and social point of view. To date, analysis has
focused only on the impacts of changes in the energy system and the environmental and
economic benefits of those changes [20,21]. A social sustainability assessment or a holistic
sustainability assessment of energy flexibility measures has so far been lacking. For this
reason, a life cycle sustainability assessment (LCSA) was carried out in this paper using the
example of an innovative bivalent crucible melting furnace and the associated comparison
with a monovalent electric crucible melting furnace according to the state of the art. This
involves systematically investigating the ecological, economic, and social sustainability of
energy flexibility measures in different economic and ecological scenarios in order to ensure
that the analysis is as complete as possible. The following two questions are answered:

• How does the bivalent crucible furnace compare with the state of the art in terms of
ecological, economic, and social impacts?

• How far do changes in the energy system and energy prices influence the ecological
and economic evaluation of the bivalent furnace?

2. Materials and Methods

A comparative LCSA encompasses environmental, economic, and social aspects and
provides a more holistic understanding of the sustainability of products and processes,
leading to better support for decision makers [22–24]. The LCSA is performed using life
cycle assessment (LCA), life cycle costing (LCC), and, in this case, a variation of social life
cycle assessment (SLCA). This method is divided into four phases: (1) definition of goal
and scope, (2) preparation of the life cycle inventory (LCI), (3) impact assessment, and
(4) interpretation [25,26]. The system boundaries and goal and scope are described in more
detail below.
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2.1. Goal and Scope

This study aimed to provide a well-founded basis for decision-making regarding the
sustainability performance of the integration of energy flexibility measures in the aluminum
die-casting industry based on the use case of a crucible melting. For this purpose, holistic
comparison of the state of the art, i.e., an exclusively electrically heated (monovalent)
crucible melting furnace, with a bivalent (electricity and natural gas) crucible melting
furnace was conducted. The system boundary follows a cradle-to-gate approach and
includes the production of the necessary process technologies and the energy infrastructure
and the use phase. The geographic boundary was defined as the federal state of Baden-
Württemberg in Germany. In addition, the transport of the crucible melting furnace
from the manufacturer to the production site was considered. The end of life of the two
technologies and the melting material for the light metal die casting, including the die-
casting process, were not considered, as it was expected that there are no differences
between the two furnaces.

Figure 1 provides a detailed overview of the system boundaries. In the ecological
balancing of the technologies, only the utilized materials were regarded. The production
of the furnaces could only be treated superficially since the respective processes were not
sufficiently known and primary data (e.g., for energy demand) could not be obtained. The
use phase was mapped using various ecological and economic scenarios to depict the
future characteristics of the German electricity mix and potential trends in energy prices.
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Figure 1. System boundaries of the LCSA.

A suitable functional unit is key for a consistent comparison between different product
systems. Therefore, the energy demand required to melt 60 t of AZ 91 (chemical composi-
tion: Mg-Al-Zn [27]) alloy was defined as the functional unit. Primary data concerning the
energy demand of a monovalent crucible melting furnace and the materials used in the
designs of the melting furnaces were provided first-hand by industrial partners.

For the LCA, environmental data from the LCI database ecoinvent v 3.8 under the
allocation, cut off by the classification approach and the literature [28,29], was used. The
assessment was carried out using umberto LCA+ life cycle assessment software. To reflect
the material and production costs for the monovalent and bivalent furnace in the LCC,
the purchase price per furnace was obtained. The annual energy prices and possible price
developments were acquired from the literature. For SLCA, no distinction was made
between the two furnaces. The database used for this purpose was the Social Hotspot
Database [30].
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The target audience includes researchers from academia, environmental and socioeco-
nomic analysts, decision makers from the industry, and others interested in the sustainabil-
ity of energy flexibility measures in energy-intensive industrial processes.

2.2. Life Cycle Sustainability Assessment

In the following sections, the three pillars of the LCSA are described separately. Each
section includes an LCI. Furthermore, assumptions and constraints are mentioned, and the
used life cycle impact assessment (LCIA) methodology is described.

2.2.1. Life Cycle Assessment

Life cycle assessment (LCA) is a comprehensive and internationally recognized method-
ology for assessing the potential environmental impact of products or processes (i.e., a
good or service) over its (entire) life cycle. It is standardized by ISO standards 14040 and
ISO 14044, and for the carbon footprint of products by ISO standard 14067 [25,26,31]. The
objective of the present comparative LCA was to evaluate the environmental performance
of a bivalent melting furnace compared to the state-of-the-art technology from a cradle-to-
gate perspective. In addition to a uniform functional unit, the same system boundary and
the same years were used. In addition, the furnaces were similar in size and the capacity of
the crucibles was also the same.

Due to the complexity of the monovalent electric and bivalent crucible furnace, the
assessment was largely based on their material compositions. This applies especially to
the specific insulation materials of the combustion chamber of the bivalent furnace. The
assessment was based on the chemical composition, since no primary and secondary data
were available.

Within the system boundary, the connection of the furnace to the energy infrastructure
in a production hall is also taken into account. This was considered according to the on-site
conditions at an industrial partner. However, the environmental impacts associated with
the installation of the furnaces were not included. Table 1 contains all the data required for
the evaluation of the mono- and bivalent furnace but without reference to the functional
unit. Due to the high number of components, the ones with a weight <0.1 kg were not
included in the evaluation, following a cut-off criterion. Primary data was collected with
an industry partner while secondary data was taken from the literature.

Concerning the use phase of the furnaces, two scenarios were defined to examine
future changes in the German energy system and the associated adjustments in energy
prices. These were based on the expansion targets for renewable energies set by the
German government.

Scenario 1 (S1) assumes a nearly greenhouse-neutral electricity mix by 2050. For
this, an approximation of the possible German electricity mix between the years 2020 was
made by a linear regression until the year 2050, based on the forecast of Kemmler et al. [32].
Political goals such as the phase-out of coal and nuclear power in Germany or the expansion
targets for renewable energies in the EU were not considered.

Scenario 2 (S2) is also based on the forecast by Kemmler et al. [32] but assumes an
almost greenhouse-neutral electricity mix by 2035 following the German government’s
package of emergency energy measures in 2022 [33]. For this purpose, the forecasted
electricity mix in the year 2050 was transferred to the year 2035 and the development was
estimated using linear regression. Between the years 2035 and 2045, the electricity mix
was assumed to be constant. Thus, political goals such as the coal phase-out were taken
into account in this scenario. For both scenarios, no transformation and transport losses
within the power system were considered [34]. The detailed LCI of the respective annual
approximation of the electricity mix can be found in the Supplementary Materials S1.
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Table 1. Life cycle inventory for the assessment of the examined melting furnaces.

Furnace Category Input Amount Unit Dataset Source

Monovalent

material sheet steel 558 kg market for sheet rolling, steel [GLO] Primary data

material insulating 250 kg market for refractory, fireclay,
packed [GLO] Primary data

component electrical
resistance heating 1 unit Based on own modeling Secondary data

material insulating 517 kg Based on own modeling Secondary data
material unalloyed steel 480 kg market for steel, unalloyed [GLO] Primary data

Bivalent

material electrical
connections 0.2 kg market for electric connector, wire

clamp [GLO] Primary data

material rubber 0.2 kg market for synthetic rubber [GLO] Primary data
material plastics 0.7 kg polycarbonate production [RER] Primary data

component electric Motor 1 unit electric motor, for electric scooter Secondary data

material electronics 9 kg electronics production, for control
units [RER] Primary data

material unalloyed steel 516 kg market for steel, unalloyed [GLO] Primary data
material cast steel 63.7 kg market for casting, steel, lost-wax [GLO] Primary data

material l sheet steel 680 kg market for sheet rolling, steel [GLO] Primary data
material cast aluminum 56 kg market for aluminum, cast alloy [GLO] Primary data

material stainless steel
pipe 250 kg market for chromium steel pipe [GLO] Primary data

material copper 33 kg market for copper, cathode [GLO] Secondary data
material stone Wool 76 kg market for stone wool [GLO] Secondary data
material paraffin 181 kg market for paraffin [GLO] Secondary data

material stainless steel 710 kg market for steel, chromium steel
18/8 [GLO] Secondary data

material polyethylene 0.1 kg market for polyethylene, high density,
granulate [GLO] Primary data

material insulating 1235 kg Based on own modeling Secondary data

material insulating 250 kg market for refractory, fireclay,
packed [GLO] Primary data

component electrical
resistance heating 1 unit Based on own modeling Secondary data

Transport transportation by
truck 200 km market for transport, freight, lorry 16–32

metric ton, EURO6 [RER] Primary data

The ecological and economic implications were examined over an assumed lifetime
of 25 years. Consequently, the period considered ranges from 2020 to 2045. For 2020, the
German electricity mix according to the Arbeitsgemeinschaft Energiebilanzen e.V. [35] was
applied. For an accurate representation of the described development of the electricity mix,
the energy carriers and converters were specifically modeled in umberto LCA+ for each
year under consideration. The data sets used to model the electricity mix per energy source
can be found in the Supplementary Materials S1.

To illustrate the bivalent and monovalent operation of the crucible melting furnaces,
the shares of electricity and natural gas demand over the entire lifetime were classified
according to Table 2. The scenarios were named according to the furnace (monovalent (M)
or bivalent (B)) and the energy source shares of electricity and natural gas. The designation
is, e.g., B 75/25, which corresponds to a bivalent operation with 75% electricity and 25%
natural gas. The energy demand of 86,060 kWh per FU in the use phase was determined on
the basis of the actual industrial operation of a monovalent electric crucible melting furnace.
Since no actual data for the bivalent furnace was available, the same energy demand for
melting the FU was assumed. The mentioned energy demand includes downtimes due
to production breaks or mold changes, heating-up processes, shift changes, start-up and
shutdown processes, and preheating processes. The energy efficiency of the furnaces was
based on expert interviews and is 0.4 for electric operation and 0.25 for gas-fired operation.
The conversion of (electric) work from kWh to, respectively, required Nm3 of natural
gas was calculated using the lower heating value (10.28 kWh/Nm3) of natural gas in the
Baden-Württemberg natural gas supply system in 2019 [36].
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Table 2. Data sets used by energy source for modeling the electricity mix.

Designation Share
Electricity [%]

Share
Natural
Gas [%]

Electricity
Demand

[kWh/FU]

Natural Gas
Demand

[kWh/FU]

Natural Gas
Demand

[Nm3/FU]

M 100/0 100 0 86,060 0 0
B 75/25 75 25 64,545 34,424 3348
B 50/50 50 50 43,030 68,848 6697
B 25/75 25 75 21,515 10,3272 10,045

Various assumptions were made in the different phases of the LCA. The concept of
the heat exchanger of the bivalent furnace had not yet been completed in detail. Accord-
ing to feedback from the industry partner, the design of the bivalent furnace assumes
a heat exchanger with a weight of 1000 kg. For the assessment, the material fractions
from the publication by Cerrillo [29] were used. In the utilization phase, only the energy
consumption is addressed, i.e., the required auxiliary inputs (e.g., SO2) and processes
in work preparation (e.g., preheating of the alloying constituents) were not taken into
account, as no valid statement could be made for the bivalent melting furnace. In addition,
the maintenance and servicing of the furnaces were not considered, as consulted experts
estimated the respective effort to be comparable to the monovalent furnace. The modeling
and assessment of the combustion of natural gas was carried out for the climate gases CO2,
N2O, CH4, fluorinated and polyfluorinated hydrocarbons, and SF6 as defined in the Kyoto
Protocol [37]. In addition, VOC and CO emissions were modeled. The emission factors
for these were obtained from the environmental protection agency [38] and Gomez and
Watterson [39] and do not refer specifically to the state of Baden-Württemberg in Germany.
ReCiPe 2008 was used for the LCIA [40].

2.2.2. Life Cycle Costing

Life cycle costing (LCC) is a method that summarizes all costs associated with the
life cycle of a product (or service) that are contributed directly by one or more of the
actors involved in the product life cycle (e.g., supplier, manufacturer, user/consumer, and
end-of-life actor) [41].

As with the LCA, the primary data for the LCC was collected from an industrial
partner while the secondary data was mainly from the literature. The investment and
acquisition costs of the monovalent and bivalent furnaces amounted to €50,000 and €75,000,
respectively. Personnel, maintenance, insurance, and development costs were not consid-
ered, as they can be assumed to be equal. Material and production costs are covered by the
purchase price of the furnaces.

The focus of this LCC was primarily on analyzing the effects of possible price devel-
opments for the price of electricity and natural gas. In order to represent the use phase
of the bivalent and electric monovalent furnace, two scenarios, each with two possible
developments of the electricity price (E) and the natural gas price (NG), were examined.
Price scenario 1 considers current energy prices. Price scenario 2 describes a possible energy
price development in the event of an electricity shortage or natural gas availability. The
possible developments in electricity prices were taken from the “reference scenario 2” by
Kemmler et al. [32] and from the scenario from Knaut et al. [42]. The natural gas prices were
calculated via a linear regression from two development paths of the national emissions
trading scheme (nEHS) according to Wagner et al. [43]. No further price fluctuations due to
market mechanisms were taken into account. A natural gas price of 2.34 ct/kWh in 2020
and an emission factor for the combustion of natural gas of 0.0201 t/kWh were assumed
as a starting point [44]. This increased to 10.39 ct/kWh in price scenario 2 from 2022, as a
lower availability of natural gas was assumed from here onwards due to supply bottlenecks,
e.g., as a result of the situation in Ukraine and Russia [45]. For the forecast of electricity
prices in price scenario 2, the percentage electricity price fluctuations from the scenarios
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described by [32,42] were transferred to the sharply increased electricity prices in 2022
onwards (31.36 ct/kWh) [46]. Figure 2 shows the scenarios and their underlying pricing.
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NG and E [32,42,43,47]; (b) energy price progression for price scenario 2 and development path 2.1
and 2.2 for NG and E [45,46].

To calculate the life cycle costs of a bivalent operation, each price development of the
energy carriers per price scenario was combined with the energy demands from Table 2.
This denotation is based on the energy carriers, the number of the price scenarios, the
number of the development path, and the energy carrier shares. For example, natural gas
(NG) and electricity (E) in price scenario 1, for development path 1, in the scenario 50%
natural gas 50% electricity results in NG 1.1. + E1.1 50/50. This results in four possible
combinations of the energy prices per scenario. The respective definition of the scenarios
NG 1.1 + E 1.1 to NG 2.2 + E 2.2 is shown in the Supplementary Materials S1.

During the period from 2020 to 2045, the costs were discounted to 2020 using an
internal rate of return of 2% p.a. This ensured the comparability of the results in the LCC at
the actual time. The assumptions and estimates introduced for the LCA also apply to the
LCC (e.g., only consideration of energy consumption, no maintenance).

2.2.3. Social Life Cycle Assessment

Social life cycle assessment (SLCA) is a social impact assessment technique that aims
to evaluate the social and socio-economic impacts of products/services during their life
cycle [48]. The social pillar of sustainability was assessed here using 18 indicators. The
set of indicators applied in each case for a category provides a comprehensive overview
of potential social problems in the upstream supply chain. The assessment followed the
methodology described by Kolotzek et al. [49] and the applied indicators for a “social risk”
in material criticality analysis. Hence, no classical SLCA was performed in this case but a
variation of it. The categories and indicators considered for the dimension “social risk” are
listed in Table 3. For a brief description of each used indicator, and detailed information on
the selection process of the dimensions and indicators and other methodological aspects,
please see the publication by Kolotzek et al. [49].

The evaluation was carried out for the mineral and metallic raw materials required
for the construction of the two crucible melting furnaces with a weight above 10 kg based
on the LCI of the LCA. The cut-off criterion was significantly increased compared to the
LCA to include only the most intensively used raw materials: iron, chromium, aluminum,
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nickel, magnesium, sodium chloride, titanium, copper, and sulfur. The social impact
assessment was based on the Social Hotspots Database (SHDB) [30]. The SHDB contains
country-specific indicators for numerous raw materials, which means that the respective
mining countries with the mined volumes, resources, and reserves must be included in the
assessment for each raw material. This information was obtained from the USGS Mineral
Yearbook [50]. The underlying base year of the identified data for each indicator was 2019.

Table 3. S-LCA indicators and their weighting according to Kolotzek et al. [49].

Categories Social Indicators

Social Risk

Local Community

Access to Immaterial Resources
Access to Material Resources

Community Engagement
Cultural Heritage

Delocalization and Migration
Local Employment

Respect of Indigenous Rights
Safe and Healthy Living Conditions

Secure Living Conditions

Society Corruption
Prevention and Mitigation of Armed Conflicts

Worker

Child Labor
Equal Opportunities/Discrimination

Fair Salary
Forced Labor

Freedom of Association and Bargaining
Health and Safety

Working Hours

The result of the used social impact assessment methodology was not considered
over the entire lifetime, as no changes were made to the technical design of the furnaces
and infrastructure and the SHDB was adjusted every year. This also applies to possible
adjustments due to repairs and maintenance measures.

3. Results

The following section shows the absolute results for the LCA, the LCC, and the SLCA
per considered scenario to compare the bivalent crucible furnace with the monovalent
electric one.

3.1. Life Cycle Assessment Results

To assess the environmental impacts, the midpoints climate change (GWP), fossil de-
pletion (FDP), freshwater eutrophication (FEP), human toxicity (HTPinf), marine eutrophi-
cation (MEP), metal depletion (MDP), ozone depletion (MDP), and terrestrial acidification
(TAP) were analyzed. In addition, the endpoints ecosystem quality, total (EQ, total), human
health, total (HH, total), and resources, total (R, total) were taken into account.

Table 4 compares the environmental impact of the production and transport of the
bivalent crucible melting furnace with the monovalent one. The production of the bivalent
furnace shows a significantly higher result in every impact category. The reasons are
complex. In addition to the higher mass and more versatile insulation materials, the results
for the industrial gas burner and the associated heat exchanger and the other additional
peripherals are significant. The impact of transport from the manufacturer to the place of
use is minimal. The contribution of transport to the environmental impact of the bivalent
furnace is below or just slightly above 1% for each midpoint. For the monovalent furnace,
the contribution is similar for FEP and MDP. The contribution to total ODP is particularly
high at 10.03% (2.14 × 10−5 kg CFC-11 eq.) and to total FDP at 22.11 kg oil eq. (4.90%).
In the following, the evaluation focuses on the GWP over the entire lifetime. Further
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detailed evaluations concerning the other considered impact categories are available in the
Supplementary Materials S2.

Table 4. Environmental impact of the manufacture and transport of a monovalent and bivalent
melting furnace.

Impact Category Bivalent Furnace Monovalent Furnace Unit

climate change, GWP 10,827 1659 kg CO2 eq.
fossil depletion, FDP 3255 451 kg oil eq.

freshwater eutrophication, FEP 6 1 kg P eq.
human toxicity, HTPinf 10,284 584 kg 1,4-DCB eq.

marine eutrophication, MEP 13 2 kg N eq.
metal depletion, MDP 11,543 963 kg FE eq.
ozone depletion, ODP 6 × 10−4 1 × 10−4 kg CFC-11 eq.

terrestrial acidification, TAP 59 5 kg SO2 eq.
ecosystem quality, total 230 32 points

human health, total 681 80 points
resources, total 1476 337 points

Except for the MDP category, at least 91% of the environmental impacts per impact
category originate from the use phase. For GWP, the impact accounts for 98%. This is due
to the expected lifetime of the melting furnaces of 25 years. Figure 3 shows the sum of
the GWP of the monovalent and bivalent crucible melting furnace within the considered
system boundary between the years 2025 and 2040 for scenario 1 (Figure 3a) compared to
S2 (Figure 3b). By 2038, the sum of GWP in S1 of bivalent operation is lower than that of a
monovalent electric one. Especially in the case of increased energy supply via natural gas,
the bivalent furnace performs significantly better. The reason for this is the significantly
higher emission intensity of the electricity mix compared to burning natural gas at the
beginning of the lifetime (factor electricity in 2020: 0.487 g/kWh vs. factor natural gas in
2020: 0.201 g/kWh) and the slower expansion of the renewable energy share in S1. When
aggregating kg CO2 eq. emissions over the entire lifetime, monovalent operation is shown
to be beneficial. When considering a rapid expansion of renewable energy by 2035 in
scenario 2, monovalent electric operation is already associated with a decreased sum of
kg CO2 eq. emissions from 2028 onwards. It is also particularly evident that an almost
greenhouse-neutral electricity mix in 2035 has a significant impact on the environmental
impacts of the melting furnaces.

For the impact categories FDP and ODP, a similar behavior can be observed across both
scenarios. As the share of natural gas increases, the use of fossil resources increases and the
potential for ozone depletion. The opposite is true for FEP, HTP, MEP, MDP, and TAP. These
are reduced as the natural gas share increases. This is also due to the higher renewable
energy share in the assumed electricity mix. Table 5 summarizes the environmental impacts
per scenario, furnace, and shares of the energy carriers. The evaluation per year of the other
environmental impacts is shown in the Supplementary Materials S2.
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Table 5. LCA results per scenario per energy share.

S1: M
100/0

S1: B
100/0

S1: B
75/25

S1: B
50/50

S1: B
25/75

S2: M
100/0

S2: B
100/0

S2: B
75/25

S2: B
50/50

S2: B
25/75 Unit

GWP 729,466 738,634 760,718 782,802 804,886 440,573 449,741 544,048 638,355 732,663 kg CO2 eq.
FDP 204,798 207,602 257,483 307,364 357,245 115,548 118,353 190,546 262,739 334,933 kg oil eq.
FEP 682 688 519 350 181 393 398 302 205 108 kg P eq.
HTP 529,124 538,825 408,4059 277,985 147,566 348,434 358,134 272,887 187,640 102,393 kg 1,4-DCB eq.
MEP 535 546 446 345 245 357 368 312 256 201 kg N eq.
MDP 28,032 38,611 33,203 27,794 22,386 31,015 41,594 35,440 29,286 23,132 kg FE eq.
ODP 0.04 0.04 0.07 0.10 0.12 0.03 0.03 0.06 0.09 0.12 kg CFC-11 eq.
TAP 1373 1427 1236 1044 853 986 1039 945 850 756 kg SO2 eq.

EQ, total 20,729 20,927 19,433 17,940 16,446 14,548 14,746 14,798 14,849 14,901 points
HH, total 30,111 30,712 29,122 27,531 25,941 19,034 19,636 20,814 21,993 23,172 points
R, total 28,663 29,803 35,153 40,503 45,854 18,245 19,384 27,339 35,294 43,249 points

3.2. Life Cycle Costing Results

As described in Section 2.2.2., two price scenarios with four characteristics each were
investigated for the bivalent furnace and two for the monovalent electric furnace. The
considered temporal horizon ranges from 2020 to 2045. The results are presented for the
total of the discounted energy and investment costs. Due to the large number of scenarios,
only selected ones are presented here in detail, with reference to the respective optima
in the evaluation. A detailed evaluation of the results per scenario can be found in the
Supplementary Materials S2.

Figure 4 shows the discounted cost development between the years 2020 and 2040 for
an electricity/natural gas share of B 50/50 and M 100/0 per price scenario. Despite higher
investment costs at the beginning of the lifetime, a bivalent operation with a 50% natural
gas share shows, depending on the price development in price scenario 1, lower total costs
from 2025 onwards compared to a monovalent electric operation. With the assumed strong
increase in the energy costs in price scenario 2, the bivalent furnace is in total already
cheaper by 2023. Consequently, the LCC strongly depends on the assumed energy prices,
since these account for more than 80% of the discounted costs.
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Table 6 summarizes the discounted investment and energy costs for all scenarios and
energy shares over the assumed lifetime. An increase in the share of natural gas increases
the economic savings over the system’s lifetime. This can also be observed in the other
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price scenarios. The underlying reason is the large discrepancy in energy source prices.
The lowest total costs in price scenario 1 are found in scenario NG 1.1 + E 1.2 with an
energy source split of 25/75. The significant increase in energy prices due to a shortage of
electricity or natural gas for price scenario 2 is also clearly reflected in the total prices. Here,
the lowest costs are expected in scenario NG 2.1 + E 2.1 for an energy share of 25/75.

Table 6. Summary of discounted investment and energy costs for all scenarios and energy carrier
shares over the assumed lifetime combined.

Electricity Share 100% 75% 50% 25%

Natural Gas Share 0% 25% 50% 75%

Scenarios

NG 1.1 + E 2.1 €385,346 €337,543 €289,740 €241,937
NG 1.1 + E 1.2 €355,007 €314,789 €274,571 €234,353
NG 1.2 + E 1.1 €385,346 €340,798 €296,250 €251,702
NG 1.2 + E 1.2 €355,007 €318,043 €281,080 €244,117

E 1.1 €360,346 - - -
E 1.2 €330,007 - - -

NG 2.1 + E 2.1 €589,404 €540,760 €492,115 €443,470
NG 2.1 + E 2.2 €606,351 €553,470 €500,588 €447,707
NG 2.2 + E 2.1 €589,404 €544,014 €498,625 €453,235
NG 2.2 + E 2.2 €606,351 €556,725 €507,098 €457,472

E 2.1 €564,404 - - -
E 2.2 €581,351 - - -

3.3. Social Life Cycle Assessment Results

The social assessment was conducted according to the methodology of Kolotzek et al. [49]
and is expressed as social risk. Each indicator was normalized on a scale from 0 to 100,
with zero corresponding to the best and 100 to the worst performance. The scale in Figure 5
visualizes this.
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Table 7 shows the results of the social evaluation for the elements iron, chromium,
aluminum, nickel, magnesium, sodium chloride, titanium, copper, and sulfur. The lowest
social risk is shown by Fe followed by NaCl, S, Cu, Al, Ti, Ni, Mg, and Cr.

In general, it should be noted that the social indicators respect of indigenous rights and
freedom of association and bargaining are rated as very critical for all elements. Further
research must clarify whether this is a coincidence or whether the transformation rule
identified by Kolotzek et al. [49] needs to be revised. The elements chromium, nickel, and
magnesium particularly stand out from the analysis due to a social risk above 60.

In total, 37% of nickel is mined in Indonesia and 20% in the Philippines. This has
a particular impact on the freedom of association and bargaining indicator. The risks of
non-enforcement of collective bargaining rights, enforcement of the right to strike, and
the risk of serious injury during mining operations are rated particularly high in these
countries. The same applies to the indicators child labor and working hours. In the case
of Mg, the score can be attributed to the strong concentration of mining in China of 70%.
This has a significant negative impact on the social indicators child labor, cultural heritage,
and working hours. Similar findings can be made for chromium, where the strong country
concentration also has a negative impact on the social indicators. Most of the chromium
production takes place in South Africa with 42.5%, Turkey with 25%, and Kazakhstan with
17% [30,50]. Therefore, these three countries determine the evaluation of the indicators
working conditions, society, and local community.
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Table 7. Evaluation SLCA for the mono- and bivalent furnace.

Dimension Indicators Weighting Fe Cr Al Ni Mg NaCl Ti Cu S

Local
Community

Access to Immaterial Resources 2.87% 30 37 42 32 46 31 44 33 39
Access to Material Resources 2.36% 29 57 32 39 32 28 26 36 27

Community Engagement 3.58% 32 40 28 32 32 27 28 38 25
Cultural Heritage 2.48% 58 76 70 73 77 66 69 60 64

Delocalization and Migration 2.69% 35 58 43 51 51 41 48 39 39
Local Employment 3.05% 56 100 38 56 48 61 36 34 40

Respect of Indigenous Rights 2.61% 100 100 100 100 100 100 100 100 100
Safe and Healthy Living

Conditions 5.91% 32 43 30 38 31 33 36 35 31

Secure Living Conditions 4.53% 19 33 21 23 24 19 21 24 16

Society
Corruption 14.17% 39 52 48 47 54 39 50 46 43

Prevention and Mitigation of
Armed Conflicts 18.25% 52 73 60 67 68 64 62 64 59

Worker

Child Labor 9.06% 58 100 81 84 89 61 68 84 72
Equal

Opportunities/Discrimination 3.09% 23 35 20 34 19 21 18 22 20

Fair Salary 4.54% 49 58 60 48 65 46 70 50 67
Forced Labor 6.52% 58 100 62 79 70 63 85 67 77

Freedom of Association and
Bargaining 3.89% 72 92 73 100 76 81 76 94 82

Health and Safety 7.78% 62 65 85 64 84 59 73 58 70
Working Hours 2.61% 76 85 90 86 93 78 87 79 79

Social Risk 100% 49 68 57 60 62 52 57 56 54

4. Discussion

To answer the question of how far changes in the energy system and energy prices
influence the ecological and economic benefits of the bivalent furnace, the relationship
between the LCA and LCC results was examined.

A complete ecological and economic advantage of the energy flexibility measures via a
bivalent crucible furnace over the entire lifetime of 25 years compared to a monovalent elec-
tric furnace cannot be demonstrated under the assumptions in the LCSA performed here.
However, economic and ecological advantages of the bivalent melting furnace can be iden-
tified in the first years of the lifetime. For example, this applies in the period between the
years 2023 and 2038 for the LCA scenario S1 and the price scenarios NG 1.x + E.1.x 50/50.
Figure 6 illustrates the difference in the total GWPs (bars) and the sum of the discounted
investment and energy costs per year (lines) compared to a monovalent operation (M 100/0
E 1.1) for the different energy shares.

A bivalent operation of the furnace can lead to a reduction in potential GHG emissions
of up to −16,891 kg CO2 eq. in the period shown, plus economic savings in the amount of
−62,284 € in S1 B 25/75 and NG 1.x + E.1.x 50/50. For S2 and the price scenarios B50/50 NG
2.x + E.2.x, it is only 5 years from 2023 to 2028. In these periods, the average energy costs
for a bivalent operation in the forecasts are lower than the electricity price and the emission
intensity of the underlying electricity mix is higher than that of the combustion of natural
gas in the bivalent operation. Table 8 shows the maximum ecological and economic savings
in the mentioned time periods for all scenario combinations with a 50/50 energy supply.

Up to now, the evaluation has always assumed a constant ratio of energy purchase
over the entire service life, as shown in Table 3.
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Table 8. Environmental impact of the manufacture and transport of a monovalent and bivalent
melting furnace.

Scenario Period Max. Ecological Savings Max. Economic Savings

S1 NG 1.x + E.1.x 2023–2038 −16,891 kg CO2 eq. €−62,284
S1 NG 2.x + E.2.x 2024–2038 −12,843 kg CO2 eq. €−53,676
S2 NG 1.x + E.1.x 2023–2028 −2679 kg CO2 eq. €−26,973
S2 NG 2.x + E.2.x 2024–2028 −715 kg CO2 eq. €−23,667

This assumption is contrary to the realistic use of a bivalent production system, since
only a theoretical adjustment of the energy purchase to the energy prices in a given ratio
over the lifetime is taken into account and not a possible five-minute-by-minute adjustment.

Since a possible change in the energy source within five minutes in bivalent operation
cannot be depicted in this paper and would be associated with high uncertainties, an annual
adjustment of the ratio of the electricity and natural gas shares in the energy demand is
assumed in the following detailed analysis. Here, the minimization of the accumulated
and discounted investment and energy costs according to the intended use of a bivalent
plant is aimed at objective Function (1):

MIN
t=25

∑
t=0

CI + CEt ∗ (1 + i)t (1)

with t: lifetime where t = [2020; 2045]; CI investment costs in t = 0; CEt energy costs in year
t; and i: internal rate of return of 2%.

When optimizing the bivalent operation according to (1), the optimal economic result
of the bivalent crucible melting furnace corresponds to the absolute LCC results, i.e., in the
scenario S1 25/75 of the corresponding price development NG 1.1 + E 1.2 with costs above
€234,353 (respectively €443,470 for NG 2.1 + E2.1) and 804,885 kg CO2 eq. Compared to
the monovalent furnace with €330,007 (E 1.2) and €564,404 (E 2.1) investment and energy
costs, the bivalent furnace performs significantly better. From an ecological point of view,
however, the monovalent furnace is considerably better with 729,465.83 kg CO2 eq. The
same can be seen for S2.
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Since the ecological results with (1) are not optimal, further investigations are per-
formed to determine how a bivalent system can be operated in an ecologically optimal way.
In this context, the minimization of the GWP over the lifetime of 25 years is examined in
objective Function (2):

MIN
t=25

∑
t=0

GWPt (2)

with t: lifetime where t = [2020; 2045]; GWPt: GWP in year t.
To determine the optimal ecological solution according to (2), the intersection of

the respective energy demand shares with the lowest kg CO2 eq. emissions per year is
determined for S1 and S2. This corresponds to the energy splits 25/75 and 100/0 for S1 and
S2, respectively. For S1, a bivalent furnace operation over 25/75 until 2030 is associated
with the lowest kg CO2 eq. emissions while for S2, this is already the case in 2025. From
2030 and 2025, respectively, a monovalent electric operation is ecologically more reasonable.
Figure 7 presents the yearly kg CO2 eq. emissions for each optimal ecological strategy.
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The optimal ecological use of the bivalent crucible melting furnace for S1 results in a
GWP of 69,010 kg CO2 eq. This is associated with investment and energy costs of €285,120
for the scenario NG 1.2+ E 1.2 and €505,748 (NG 2.1 + E2.1), respectively. Compared to a
monovalent electric operation, this equals 39,066 kg CO2 eq. less GHG emissions, and a
cost saving of €44,886 (E 1.2) or €56,656 (E2.1). When minimizing the GWP for scenario 2,
the potential kg CO2 eq. emissions for the described utilization scenario are 426,451 kg
CO2 eq., which is equally lower than for a monovalent operation (440,573 kg CO2 eq.).
The advantages are also evident from an economic point of view. In this context, costs
of €313,368 (B) and €330,007 (M) for NG 2.1 + E2.1 and €536,726 (B) and €564,404 (M) for
NG 2.1 + E2.1 are compared.

Consequently, under a primarily economic optimization (1), the bivalent furnace has
the lowest cost over all LCC scenarios but is worse than a monovalent electric furnace in
any LCA scenario. Minimizing the ecological implications according to (2), the bivalent
crucible melting furnace is ecologically and economically advantageous over its entire
lifetime in S1 under the assumptions made if it is heated primarily with natural gas until
2030 (25/75) and runs in monovalent electric mode from 2031 (B100/0). In S2, this is already
true from 2026, with the lowest kg CO2 eq. across all LCA scenarios. Economically, the
bivalent crucible furnace is also paired with lower costs than the state of the art. However,
these are higher than those from (1). Nevertheless, a minimization of the environmental
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impact, and a cost saving compared to monovalent operation over the entire lifetime, can
be verified.

All results should be interpreted with the proviso that the bivalent crucible melting
furnace has not yet been investigated in actual operation, and the calculations for the
utilization phase were based on the energy demand of the monovalent crucible melting
furnace. Furthermore, higher maintenance and servicing costs and higher wear and tear of
the heating technology can considerably impact the result. In addition, the LCC was based
only on forecast values for potential energy price developments, and the LCA results were
based on various assumptions.

5. Conclusions

The benefits of energy flexibility measures have not yet been conclusively clarified
from an ecological, economic, and social perspective. The analysis focused on evaluating
ecological, economic, and social impacts of the bivalent and monovalent crucible furnace
and the investigation of the influence of changes in the energy system and price on the
ecological and economic benefits.

Therefore, the objective of this study was to perform a life cycle sustainability assess-
ment of energy flexibility measures on the use case of a bivalent crucible melting furnace
compared with a monovalent one for light metal die casting. The system boundary was
based on a cradle-to-gate approach and included the production of the necessary process
technologies and energy infrastructure and the utilization phase of the crucible melting
furnaces themselves. The analysis was carried out for the state of Baden-Württemberg in
Germany. The LCSA was performed for different economic and environmental scenarios
over a 25-year lifetime to account for potential adjustments in the energy system and energy
price fluctuations.

The results of the LCA indicate that monovalent electric operation leads to lower
environmental impacts over the lifetime than bivalent operation. However, by 2038, the
GWP in scenario 1 and 2025 for scenario 2 of bivalent operation of a crucible furnace is
lower than that of electric monovalent, especially with increased energy supply via natural
gas. This can also be observed in the LCC results due to the large price gap between the
two energy sources electric power and natural gas. From a purely economic point of view,
the leading natural gas operation is always more advantageous for the bivalent furnace
over all scenarios. In order to classify the social sustainability of the furnaces, an indicator
analysis was carried out using 18 social indicators. Due to the similar material use in the
mono- and bivalent furnace, no advantageousness of one of the furnaces was shown here.

In summary, with a fixed distribution of energy sources over the entire lifetime of 25
years, no complete ecological, economic, and social advantageousness of energy flexibility
measures through a bivalent system could be demonstrated. Only a temporarily better
sustainability performance of the bivalent furnace could be verified.

However, if an annual adjustment of the ratio of electricity and natural gas shares
in the energy demand is assumed, a better sustainability performance was shown by
incorporating energy flexibility measures. If the GWP is minimized, the bivalent crucible
melting furnace is ecologically and economically advantageous over its entire lifetime
in scenario 1 if it is heated primarily with natural gas (25/75) until 2030 and operates in
monovalent electric mode from 2031 (B100/0). In scenario 2, this is true as early as 2026,
and the cost of purchase and operation is also lower than for a monovalent furnace.

Nevertheless, all results must be seen with the reservation that the bivalent crucible
melting furnace has not yet been investigated in actual operation. In addition, the cal-
culations for the utilization phase were based on the energy demand of the monovalent
crucible furnace and the LCC on purely forecast values. Furthermore, other assumptions
were made during the LCSA performed here. To further sharpen the results, more research
is needed and the use of actual data for bivalent operation.
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