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Abstract: Low temperature industrial surplus heat represents a major energy source that is currently
only rarely utilized due to its low quality. An agricluster allows for the leveraging of this low-quality
heat and, hence, may improve the overall energy efficiency. This paper presents the novel concept of
an agricluster driven by available surplus heat from industrial processes. We propose the integration
of greenhouse production, insect rearing, fish rearing, and drying of seaweed using low temperature
surplus heat from the aluminum industry. Each of these processes is already used in or investigated
for utilization of surplus heat and partly coupled with other processes, such as in aquaponics.
However, the integration of all processes in an agricluster—as proposed in this paper—may result in
improved utilization of the surplus heat due to the different seasonality of the heat demand. The
potential synergies of this integration approach are discussed in this paper. Furthermore, waste from
one process can be utilized as an input stream to other processes, reducing the demand for external
material input to the system. The proposed concept of an agricluster is especially interesting for the
Nordic countries, as they are dependant on fresh food imports due to the low outside temperatures.

Keywords: surplus heat utilization; improved energy efficiency; agricluster; low temperature heat;
surplus heat

1. Introduction

In recent years, the transition to a sustainable society has been formalized through the
introduction of new policies and roadmaps. The predominant example is the European
Green Deal, which aims to make the European Union’s economy sustainable by turning
climate and environmental challenges into opportunities [1]. This includes, among others,
providing cleaner energy and a globally competitive and resilient industry in addition to
improving the well-being of citizens with healthy and affordable food. This roadmap is in
line with previous actions within the European Union, such as the Directive (EU) 2018/2002
of the European Parliament and of the Council [2], which limits the primary energy demand
to 1273 Mtoe (53,298 PJ) and the final energy demand to 956 Mtoe (40,026 PJ) in 2030 (EU2S,
adjusted after the United Kingdom of Great Britain and Northern Ireland left the European
Union in 2020). As a reference, the final energy consumption of the EU28 corresponded to
1062 Mtoe (44,463 PJ) in 2018. The circular economy action plan adopted by the European
Commission in 2020 [3] is one of the main building blocks of the European Green Deal.
This action plan identifies food, water, and nutrients as being among the main key product
value chains in the promotion of circularity [4]. Sustainable and local food production
systems are also a response to the Farm to Fork strategy, which is also at the core of the
European Green Deal and aims to make food systems fair, healthy, and environmentally
friendly [5]. Thus, within Europe, the European Commission is a key player promoting
the development of sustainable agri-food companies. The European Agricultural Fund
for Rural Development (EAFRD) is the funding instrument of the Common Agricultural
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Policy that supports rural development strategies and projects, and an important part of
the budget is spent through the implementation of rural development programs [4].

The introduction of roadmaps for a sustainable economy as well as energy efficiency
regulations on national and international levels, such as the ones mentioned above, leads to
the requirement of reducing both primary and final energy demand. Within the industrial
sector, it is challenging to reduce the energy consumption while satisfying a potentially
increasing production demand as a large share of the required energy is lost to the sur-
roundings as heat. Process improvements may reduce inefficiencies and heat loss and,
hence, alleviate this problem. However, there are technological and economical limitations
for the implementation of process improvements [6]. Moreover, once practical process
improvements have been implemented, available surplus heat may not have any inter-
nal use and is thus released to the surroundings. It is therefore evident that alternative
means of utilizing surplus heat should be investigated to minimize heat release to the
surroundings and reduce the overall energy demand while satisfying market needs. Direct
heat utilization in industrial processes requiring low temperature heating, such as food
production, represents an attractive alternative for reducing overall energy demand.

In general, increased energy inputs into food production are reflected as yield improve-
ments. However, particularly when energy-intensive steps such as drying and processing
are required, it can be the case that significantly more energy is used than the energy
contained in the final product [7], opening opportunities for surplus heat utilization and
the development of more energy-efficient production schemes. The reduction of energy
demand can be boosted with material recycling, which has a significant impact on energy
consumption and greenhouse gas (GHG) emissions [8]. The importance of integration of
components of agricultural systems to reduce energy-based inputs is well-acknowledged,
e.g., [9]. In addition, the integration of different components in a circular food production
system allows for the utilization of by-products, nutrient recycling, and waste minimiza-
tion [10]. This can be achieved by considering circular economy concepts in agri-food
production, which imply the utilization of minimal amounts of external inputs, closing
the nutrient loops, valorizing agri-food waste, and reducing negative discharges, such as
waste and emissions in the environment [4].

To our best knowledge, there are no investigations of the integration of food pro-
duction processes for exploiting synergies between the individual processes as well as
surplus heat from industry. Hence, this paper proposes the concept of an agricluster
enabled through the availability of low temperature industrial surplus heat . Within the
agricluster, the individual processes are coupled to improve both surplus heat utilization
as well as waste management and supply chains of the individual processes. The proposed
agricluster exploits the synergies of individual processes for the efficient utilization of
industrial surplus heat for sustainable food production.

This paper is structured as follows. Section 2 provides an outlook on the availability
of surplus heat in industry and alternative methods for its utilization, with a focus on food
production. Section 3 describes the main components of the proposed agricluster, namely
greenhouses (Section 3.1), fish production (Section 3.2), insect production (Section 3.4),
and seaweed drying (Section 3.3). While presenting the reasoning for selecting these
components and describing opportunities for surplus heat utilization, we also mention the
impact of heat requirements on these industries. In Section 4, the material flow integration
between the different described processes is examined as a means to improve both the
utilization of the surplus heat and the resulting waste streams from the individual processes.
Section 5 proposes a novel agricluster integrating all discussed processes and discusses the
implications of this integration. Section 6 highlights the main conclusions of this paper.

2. Surplus Heat in Industry

In this section, we review the available studies regarding the availability of low
temperature surplus heat, with focus on the Nordic countries and aluminum production,
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which is a significant source of surplus heat. We also present potential alternatives for its
utilization, with focus on the direct use of surplus heat for food production.

2.1. Low Temperature Surplus Heat Availability in Industry

Most surplus energy within a system is in the form of heat and, in general, the greatest
amount is available at lower temperatures and at a plant level [11]. The surplus heat
potential may vary among regions depending on factors such as the industrial structure.
Information regarding the temperature ranges of the available surplus heat also varies
among studies. This is because the minimum temperature for viable heat recovery varies
among processes. Moreover, it is challenging to obtain exact, often confidential, data
on surplus heat. Therefore, most investigations are based on extrapolations from other
available data such as industrial CO; emissions [12]. There is, however, a clear trend
toward a high share of surplus heat within the low temperature range. As an example
for the quantification of surplus heat in industry, Forman et al. [13] conducted a study to
estimate the global waste heat potential and found that approximately 42% of surplus heat
in the industrial sector is available at temperatures below 100 °C and 20% at temperatures
within the range of 100-299 °C. Johnson et al. [14] found out that 60% of industrial waste
heat in the United States corresponded to streams below 60 °C.

In the Nordic countries, a study conducted by ENOVA in 2009 [15] assessed the total
surplus heat from the Norwegian industry. The respondents of the study represented 63%
of the Norwegian industrial energy consumption, with a large share of the metallurgic
sector. The surplus heat accounted for 36% of the energy consumption of 53.7 TWh/a, with
a major share being emitted either in cooling water or flue gas. The same study found
that 47% of surplus heat in Norway corresponds to temperatures below 60 °C. According
to this study, the metallurgic sector, e.g., the aluminum and ferroalloy industries, emits
a large share of the surplus heat of the industrial production in Norway and is therefore
a significant source of low temperature surplus heat [15]. To the best knowledge of the
authors, there is no study in other Nordic countries accounting for surplus heat within
specific temperature ranges, but similar results should be expected in other countries with
important metallurgic activity (e.g., the steel industry in Sweden [16]). The aforementioned
studies highlight the scale of low temperature heat losses in industry and the importance
of identifying utilization alternatives for surplus heat.

Aluminum production corresponds to a large part of the Norwegian metal indus-
try [17], and Norway is the largest producer of primary aluminum in Europe [18]. The
aluminum industry is one of the most energy-intensive industries in the world, standing
for around 3.5% of global electricity consumption [19] and nearly 2% of the world’s total
CO; emissions [20]. Around half of the energy input to an aluminum production plant is
lost to the surroundings as surplus heat.

The ENOVA study mentioned above [15] assigned the surplus heat from the Norwe-
gian aluminum industry to different temperature levels. The results from this study are
summarized in Figure 1.

The total amount of surplus heat is 2225 GWh/a and is mostly available either between
25 and 40 °C or 60 and 140 °C. A similar study performed energy mapping of the Alcoa
Deschambault Quebec smelter in Canada, showing that the potline off-gas and pot surfaces
clearly were the largest sources of surplus heat, approximately an order of magnitude
larger than other heat sources [21].

Several different concepts for heat recovery from aluminum smelter off-gas have
been investigated, e.g., bundles of oval tubes with rectangular fins [22,23], rows of cooled,
vertical, and retractable plates [24], and off-gas flow on the inside of straight tubes [25-27].
However, due to the low quality of the rejected heat and a lack of nearby heat demands,
there is limited re-utilization of heat in this industry [21]. For this reason, we use this
industry as an example of a potential source of surplus heat for the agricluster proposed in
this paper.
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Figure 1. Amount of surplus heat in the Norwegian aluminum industry sorted according to temper-
ature level. Based on data from ENOVA [15].

2.2. Alternatives for Industrial Surplus Heat Utilization

Industrial surplus heat utilization has received considerable attention due to its large
potential and its importance for reducing energy consumption.

Some surplus heat utilization methods have been investigated, e.g., heat-to-power con-
version via Stirling engines [28] and organic Rankine cycles [12,29]. However, Law et al. [30]
showed that it is more economical to recover heat for transfer to a sink than to invest in
heat pumps or convert the heat into other forms such as electricity. Oluleye et al. [31,32]
compared different “waste heat utilization technologies”, applying an economic ranking
and a reduction in CO; emissions. They also developed a framework to assess different
technologies based on exergy degradation and concluded that using surplus heat directly
for heating purposes is desirable due to higher efficiency and lower exergy loss. In this
study, direct heat recovery in, e.g., the form of space heating proved beneficial over a
wide range of surplus heat temperatures if the sink was close in temperature to the heat
source. Similarly, Kavvadias and Quoilin [33] developed a model that compares, on an
economic basis, district heating with gas heaters and heat pumps, highlighting the im-
portance of considering the transport distance from the surplus heat source to the district
heating demand.

Space heating and district heating represent the highest potential for direct utilization
of industrial surplus heat [34]. This includes, for example, surplus heat from research
facilities [35]. However, the profitability of district heating systems depends on population
density [12], and Nordic countries tend to have low population densities away from
the main cities. Moreover, available surplus heat exceeds district heating demands in
Sweden [36]. Similarly, there is in general a lack of district heating demand close to
large industrial sites in Norway. This includes, e.g., the Hydro aluminum plants on
Karmey (~ 43,000 inhabitants [37]) and in Sunndalsera (<7000 inhabitants [38]) and Alcoa’s
aluminum plant in Mosjeen (<13,000 inhabitants [38]). Hence, district heating does not
represent a sufficient demand in these locations. Another aspect to consider is that these
plants are located in regions with limited space for large new installations due to the local
geography. Moreover, the population in these regions is not likely to grow such that the
future district heating demand meets available surplus heat. Hence, alternative processes
are required that may utilize low temperature heat.

Lauterbach et al. [39] mapped the industrial heat demand for Germany in different
temperature ranges for utilizing solar heat in industry. This mapping shows that the food
and beverage sector represents a significant demand in the range below 100 °C. As low
temperature processes dominate the energy usage for food and drink processing, this
industry is an attractive alternative for low-grade heat recovery [30]. Food production is
already an important sector for utilization of industrial surplus heat [30,40], and efficiency
improvements in the provision and management of process heat have been discussed to
reduce emissions [41]. Furthermore, the unaccounted growing of crops and aquaculture
may represent a significant demand for heat. Hence, food production may be an environ-



Sustainability 2021, 13, 9786

50f24

mentally and economically profitable alternative to district heating for the utilization of
low temperature surplus heat.

There already exist several applications highlighting the potential of utilizing surplus
heat for food production in Nordic conditions. Currently, surplus heat is utilized at, e.g.,:

1.  Miljegartneriet greenhouse in Neerbo (Southern Norway), which uses surplus CO»
and warm wastewater from a nearby dairy plant [42],

2. The Elleholms Tomatodling greenhouse producing tomatoes in Mérrum (Southern
Sweden), which uses excess heat from Sodra Cell, a nearby pulp mill [43,44].

3. Mo Industri Park in Mo i Rana (Northern Norway), where surplus heat in the cooling
water from the industrial cluster is used in smolt production [45,46].

4.  Tjeldbergodden Bioparken (Central Norway), in which the surplus heat in the cooling
water from a methanol plant is used in post-smolt and lumpfish farming [47].

5. Eramet Kvinesdal (Southern Norway) for the production of turbot utilizing surplus
heat from the production of silicomanganese by Stolt Sea Farm [48].

6. Reykjanes Resource Park (Southwest Iceland) for the production of Senegalese sole
with surplus heat from the cooling water of a geothermal power plant by Stolt Sea
Farm [49].

In these examples, surplus heat is used for greenhouse vegetable production and
onshore fish production, which are considered in this paper. In addition, we also describe
requirements for insect rearing and seaweed drying.

3. Identification of Agricluster Components and Surplus Heat Utilization Possibilities

As described in Section 2.2, industrial surplus heat is already utilized in greenhouse
and fish production in the Nordic countries. In this section, we expand the requirements for
these utilization alternatives. We also introduce two novel potential utilization alternatives,
namely seaweed drying and insect rearing. The interest in seaweed production is rapidly
growing in countries with long coastlines such as Norway [50]. Drying is a critical step
in the value chain of seaweed products and requires high quantities of heat due to the
high water content of seaweed. Insects and insect-based ingredients are starting to draw
attention as sustainable and ethical alternatives to traditional protein sources [51], and
similarly to greenhouses and fish production, low temperature heat is required to maintain
an adequate growth temperature.

3.1. Greenhouse Production

Large-scale efficient agricultural production requires appropriate nutrients, tempera-
ture, humidity, and light conditions. Annual yield (production/area) depends on factors
such as plantings per year, plant density, irrigation system and patterns, ventilation,
greenhouse structure, CO; enrichment, soil, and ambience (temperature, light, humidity)
control [52-54]. The optimal greenhouse temperature will depend on the specific crop, but
it will usually be in the range of 10-35 °C. A large share of production costs of greenhouses
are related to energy consumption [55,56], which is used for inside air heating to accelerate
crop growth and development and for controlling air humidity [57].

In the Nordic region, non-native crops need to be grown in greenhouses, which allows
for providing the required conditions for growth. Tomatoes represent a large share of the
production of greenhouse vegetables in the Nordic region [58-60], but large amounts are
still being imported. In the case of Norway, only one-third of the consumed tomatoes are
produced locally, and annual imports are in the range of 24 kt/a [61-63]. Hence, there is a
sufficient market for increasing local production if costs become competitive. Moreover,
high yields can be achieved with greenhouse tomato, which is convenient in areas with
limited space for new installations. Despite not being among the largest tomato producers,
the Nordic countries are in the top ten countries regarding yield [52]. Thus, although
other crops are grown in greenhouses in the Nordic region [60,64], this study considers
greenhouse tomato production.
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In Northern Europe, tomato is mostly produced in high-tech framed glass greenhouses
with raised-bed systems. In Southern Europe, only production for the fresh market is grown
in greenhouses [65-68]. Optimum mean daily temperature for growth is 20-25 °C, with
night temperatures between 10 and 20 °C. Relatively dry conditions are preferred, and rela-
tive air humidity needs to be kept lower than 75% to maintain yield and reduce incidence
of pests and fruit rotting [52]. The growing period for tomatoes is 90-150 days, meaning
that there can be up to three plantings per year, which may be done in production-intensive
greenhouses. Some of the high-tech greenhouses in Northern Europe are hydroponic.
“Hydroponic” can refer to soilless culture or to systems in which no solid substrate is used
and water flows almost constantly down troughs holding plant roots [68]. Rockwool has a
high air-holding capacity, good capillarity, and is the most common substrate for soilless
tomato, but other substrates such as vermiculite, perlite, peat, and pumice may also be
used [57,68,69]. It should be noted that in Europe, hydroponics are not allowed under
organic schemes [67].

Greenhouse tomatoes have a higher carbon footprint than open-field tomatoes. Pérez
Neira et al. [70] estimated that Spanish tomatoes produced in heated greenhouses had
a 2.75 times higher carbon footprint and 3.3 higher cumulative energy demand than
unheated crops. The main contribution to greenhouse gas (GHG) emissions comes from
energy use for heating greenhouses [71,72]. Theurl et al. [73] studied tomatoes consumed
in Austria and contrasted GHG emissions of those produced locally with those produced
in Spain or Italy. They concluded that greenhouse gas emissions from tomato production
are highly dependent on the production system, such as the prevalence or absence of
heating. Referring to the Nordic region, Verheul and Thorsen [74] analyzed emissions
of six Norwegian greenhouses using natural gas as a heat source and the farm gate as
the system boundary. They estimated that approximately 93% of CO; emissions from
production of tomatoes in Norway come from heating. Karlsson [75] performed an study
comparing the environmental impact of producing tomatoes in Swedish greenhouses with
importing tomatoes from the Netherlands or Spain. They concluded that greenhouse
climate control and the transportation of produce are the most important contributors to
the environmental impact. Specifically, the study concluded that in a Northern European
context, the energy source for climate control of greenhouses is more significant than
transportation distances. Stoessel et al. [76] arrived to similar conclusions when analyzing
production in Swiss greenhouses. It should be noted that when looking at carbon footprint,
the reported values are highly dependent on the methodology used, available information,
and system boundaries [71,77]. With this in mind, the impact of the energy source can
be observed when comparing the GHG emissions of Dutch tomatoes, which produce
1.7-2.8 kg COzeq/kg when using natural gas and 1.1 kg CO»eq/kg when using combined
heat and power (CHP) with increased energy efficiency [71,78]. Therefore, the utilization
of otherwise wasted low temperature heat has the potential for further reducing GHG
emissions and improving energy efficiency in greenhouse production.

Heating requirements, and the associated GHG emissions, are clearly dependent
on ambient conditions, which show considerable variations throughout the year in the
Nordic regions. We illustrate the impact of ambient temperature variations on heating
requirements considering a greenhouse in Karmoy, on the coast of the Rogaland region,
where most greenhouses are located in Norway. Karmey is also close to potential industrial
surplus heat sources. To this end, we use the methodology and parameters proposed by
Andrews and Pearce [79]. The energy balance of a greenhouse can be represented as:

Q = UA(Tg — Tam) + pairdair(Tc — Tam) — BS 1

where Q corresponds to the required energy, U to the heat transfer coefficient, A to the
wall and roof area, ¢, to the heat capacity, ¢ to the ventilation rate, p,;, to the air
density, B to the fraction of incident light absorbed by the canopy, S to the total solar
radiation over the greenhouse, T to the greenhouse internal temperature, and T4, to the
ambient temperature.
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We assume constant heat capacity and air density, negligible solar radiation, and
greenhouse temperature of 21 °C and a surplus heat availability of 100 GWh/a available
at an appropriate temperature, e.g., 70 °C. These heating requirements can be put into
perspective when considering Figure 1, which shows that 1357 GWh/a surplus heat in
the range of 60-140 °C is available from seven aluminum manufacturing installations in
Norway [15,18]. It is also within the range of the available surplus heat for an aluminum
plant reported by Skjervold [80]. With these considerations, we estimate that a 56,500 m?
greenhouse can be heated when the ambient temperature is —8.8 °C, which was the
minimum daily average temperature in Karmey in 2018 [81]. Then, we calculate the
monthly heating requirements for the 56,500 m? greenhouse considering the monthly average
temperature in Karmoy [81], with the rest of the parameters in Equation (1) kept constant.

Figure 2 illustrates that in the presented example, heating requirements during sum-
mer can be lower than a third of the requirements in the winter months. This can be an
advantage when integrating such a greenhouse in an agricluster, and surplus heat can be
used for different purposes along the year.
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Figure 2. Estimated monthly energy consumption for a 56,500 m? greenhouse in Karmey, Norway,
considering temperature variations in 2018.

In addition to greenhouse heating, post-processing may require heating, and low
temperature heat sources may be used. Convective drying is possibly the most common
process to dehydrate food, and approximately 85% of industrial applications use a variation
of this technology [82,83]. For crops such as tomatoes, drying may be carried out with
temperatures between 40 and 100 °C, usually between 50 and 80 °C [84,85]. Processed
products such as juice and pastes should be treated to inactivate microbial activity. Thermal
treatment is typical for juices, and it can be conducted by heating to 75-100 °C, depending
on the specific product characteristics [86,87]. Another possible post-processing applica-
tion of low temperature heat is for hot filling (canning), which may require heating to
temperatures around 104 °C [88].

3.2. Fish Production

Within the aquaculture industry, heat is mostly required for heating the building (if
the tanks are within an industrial building), rearing tanks, and makeup water [89]. The
required amount of heat is depending on the reared fish species, geographical location,
and aquaculture method.

The potential for surplus heat utilization depends on the optimal rearing temperature
of the reared fish as a first key factor. Within the fish species, we can differentiate between
fishes requiring relatively low temperatures, such as salmonidae, (11-12 °C [90]) and high
temperatures, such as tilapia (28 °C [91]). While salmonidae may not require heat for long
periods of the year, tilapia or comparable high temperature fishes can require a significant
amount of heat, especially in Nordic weather conditions. In addition to the heating demand,
the market potential of the different fish species plays a significant role. Hence, when
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producing in Norway for a European market using surplus heat, it is beneficial to consider
fish species that:

1.  require a high rearing temperature for utilizing the majority of the surplus heat,

2. canobtain a premium price due to higher investments in land-based aquaculture, and

3. have a market in Europe but are currently produced outside Europe due to the high
temperature required for rearing.

This leads to the second key factor, which is the geographical location. Heating is
required in aquaculture to compensate for energy losses to the surrounding air and for
heating the makeup water flow. The required heating is dependent on the ambient tem-
perature, temperature of the makeup water flow, required temperature of the fish species,
and how the rearing tanks are constructed and arranged. The rearing tank configuration
corresponds to whether the tanks are within a building and the distance between the tanks
and their insulation, as the heat transfer to the surroundings is governed by convection and
conduction. Furthermore, pumping and fish movement may also result in an increase in
temperature in the tank, resulting in reduced heating demand. As an example, the heating
requirement from makeup water can be calculated as:

Q = (Trw — Tvw ) Cp, MWt mw (2)

in which Q corresponds to the energy required, Tty to the temperature in the tank, Ty
to the temperature of the makeup water, ¢, yw to heat capacity, and rizpgy to the required
mass flow of makeup water. The temperature of the makeup water Ty is dependent on
the geographical location and its source. Groundwater generally has a stable temperature
in the course of a year, while surface water temperature follows the seasonal variations of
air temperature with a slight delay, although it will not reach values below 0 °C. Hence,
the water source will impact whether the heat demand of land-based aquacultures is
predominantly seasonal or not.

The chosen type of aquaculture is the third key factor. In general, we can differentiate
between two main types for onshore aquaculture:

1. flow through aquaculture and
2. recirculating aquaculture systems (RAS).

On the one hand, flow through aquaculture does not reuse the water leaving the tanks.
This leads to a simplified process control system and, furthermore, reduces the electricity
demand of the system [89]. However, as there is no recycling of used water, it may require
more energy for heating the makeup water depending on the source of said water. On
the other hand, RAS recycles a large share of the water, reducing the heating demand
for heating freshwater, although heating may still be the largest power consumer [92].
Note that the amount of water recycled in RAS is a design parameter. Hence, the total
makeup water demand of RAS may vary. It requires, however, close monitoring of the
water quality and purification through the removal of fines, biological materials, ammonia,
and CO» and the addition of oxygen [93]. This results in a large electricity requirement for
recirculating the water, although less water is utilized in total. As recirculating aquaculture
requires more electric energy, while flow through aquaculture may require more heating,
life cycle analyses are sensitive toward the type of aquaculture and the assumed heat and
electricity sources [89,94,95]. Furthermore, the fish feed production has a major impact
on the environmental impact indicators [95,96]. Due to the potential of improved feed
utilization [95], RAS may decrease the environmental impact of feed production. However,
it can be concluded that if the heat is provided from surplus heat and the electricity is
decarbonized, as is the case in the Nordic Region, RAS may be on par with open net pen
aquaculture with respect to greenhouse gas emission [95] while reducing the impact on
other LCA factors, such as eutrophication [89] and water dependency [96].
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3.3. Seaweed Drying

Global seaweed production is dominated by Asian countries, where it is typically used
for direct human consumption or other food applications, whereas non-food applications
include fertilizers, pharmaceuticals, and cosmetics. However, it is an expanding activity in
European countries such as Norway, which has an extensive coastline, a well-established
aquaculture sector, and native seaweed species recognized to have commercial value [50,97].

Large-scale cultivation of seaweed can be achieved either in monoculture or in in-
tegrated multi-trophic aquaculture (IMTA), described in Section 4.2. Depending on the
species, seaweed can be cultivated in open sea or on land (e.g., tanks) and under different
temperature, nutrient, current, and light conditions [98]. Open sea seaweed cultivation
depends on the availability of nutrients and sunlight, which are highly seasonal (especially
in the Nordic countries) and cannot be controlled. Moreover, cultivation cycles depend on
the species and cultivation conditions. While some species can be harvested three or four
times per year [98], others are produced annually. In Norway, ideal harvest of seaweed
cultivated in open sea occurs in the summer, and the specific optimal harvest season is
highly dependent on latitude.

Seaweed should be stabilized shortly after harvesting to avoid the rapid decay of
the biomass and provide high-quality products to the market [99]. Therefore, efficient
post-harvest processing strategies are critical to support the development of a bio-economy
based on cultivated seaweed. Drying is a common method for the stabilization of wet
biomass, and the most common method for seaweeds. This mass transfer process removes
moisture from the product and reduces the water activity, thus preserving the product by
avoiding microbial growth and limiting the rate of undesired chemical reactions. Drying
can be achieved by direct sunlight or conventional convective methods, usually at tem-
peratures < 70 °C. Drying temperature is a compromise between drying time and the
degradation of heat sensitive material, such as protein and starch [100]. In Europe, sea-
weeds are typically preserved using hot-air convection drying methods at low temperature
(<45 °C) to preserve the quality of the raw material [101,102].

Due to the high water content in seaweed, (70-95%) [100,103], energy requirements
for seaweed drying are high. This lowers the sustainability of the value chain of seaweed
products [104]. In this regard, Philis et al. [105] compared primary energy requirements
for producing soy protein concentrate to the requirements for the production of seaweed
protein concentrate, which requires drying. They found the energy requirements of the
latter to be more than 11 times larger than for the soy-based concentrate. The high energy
demand for seaweed processing is thus identified as one of the major bottlenecks for the
development of the emerging seaweed industry in Europe [50]. Drying technologies, such
as heat-pump-assisted drying [106] or superheated steam drying [107], are gaining priority
in the industry (e.g., food) to increase the energy efficiency and lower the drying time and
may be alternatives also for seaweed. In addition, other novel drying technologies such as
microwave-assisted drying [108] or pulse combustion drying [109] could be alternatives
to increase the efficiency, but should be further tested in an industrial scale. However, as
mentioned in Section 2.2, direct utilization of surplus heat is preferred as it reduces exergy
loss. Integrated schemes using industrial surplus heat as a secondary energy source for
seaweed drying have been suggested for seaweed processing [105]. This type of strategy is
suggested and discussed in Section 5.

3.4. Insect Farming

Human consumption of insects has been occurring for hundreds of years in certain
parts of the world, and insects are a part of the regular diet even today for approximately
2.5 billion people in Africa, Asia, and Latin America [110]. The number of people eating
insects is set to increase as population growth and increased global prosperity, among
others, will put pressure on the prices for animal protein and the feed consumed by
livestock. Insect production in the Nordic region could play a role in an increasing European
market, through, e.g., reduced transportation distances, valorization of waste streams, and
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end-use of unutilized surplus heat. The black soldier fly (Hermetia illucens) and the yellow
mealworm (Tenebrio molitor) are among the few species used for insect-based bioconversion
of food waste [111]. Marine bristleworms or ragworms (Hediste diversicolor) are also being
studied as a potential ingredient for aquafeed [112]. These species are capable of efficiently
converting a range of low-value organic by-products into high-value protein [113] and are
prime candidates to investigate for commercial production, as they require less feed during
rearing. Therefore, these would be potential insect species for the integrated agricluster
described in this paper.

The development process for the black soldier fly and yellow mealworm is fairly
similar. Small worms hatch from eggs laid by an adult female insect and after a period in
this larval stage the insect enters the pupal stage, where the insect matures into an adult.
For these species, the growth rate is influenced by both temperature and humidity in the
growth site. There is a large difference in the total life expectancy of the two species: the
yellow mealworm is reported to have a total lifetime of 280 to 630 days [114], much longer
than the black soldier fly. The latter typically takes around four days to hatch, 14-16 days
to grow, two to three weeks in the pupation stage, and then lives between one and two
weeks [115,116]. The typical total life expectancy is therefore between 39 and 55 days. Life
cycle characteristics of the marine bristleworm, such as longevity and growth rates, vary
greatly according to geographical location and population [117].

The required temperature and humidity in the insect growing environment deter-
mines the quality of surplus heat required for insect production and is therefore important
to investigate. This heat demand is in the form of space heating and is hence, e.g., in-
fluenced by the outside temperature and degree of insulation of the building where the
rearing takes place. It has been reported that the rearing of yellow mealworm larvae is
preferred at temperatures between 26 and 30 °C with a relative humidity of 60-70% [118].
Park et al. [119] state that the optimal temperature for mealworm growth is between 25 and
27.5 °C. The black soldier fly requires similar temperatures. Kawasaki et al. [120] state that
the larvae are raised at 25-30 °C, and Chia et al. [121] claim that the optimal temperature
can vary depending on feed type and might be up to 35 °C. The marine bristleworm is
native in the north temperate zone of the Atlantic [117], and it can adapt to a relative wide
range of temperatures (0-28 °C) [122].

In addition to the growing phase, the processing of insects before end-use might also
require heating. Suitable processing conditions must be chosen for specific insect species to
improve antimicrobial activity while reducing quality loss. High temperatures may cause
protein denaturation and lipid oxidation [123]. The yellow mealworm can be processed in
several different ways, including drying at 50 °C for three days, drying at 100 °C for 200
min, boiling in water for three minutes followed by oven drying at 60-100 °C, and sun-
drying for two days [114]. In the case of the black soldier fly, reported processing methods
are, e.g., drying at 60 °C for 48 h and boiling in water for one minute followed by drying in
sunlight [120]. These temperature ranges are within the available low temperature surplus
heat considered in this work.

4. Synergies between Agricluster Components

Although surplus heat can be utilized separately in each of the mentioned processes,
synergies for mass integration and energy utilization between the individual couplings are
not commonly exploited. This includes both material stream integration and heat demand
variations over the course of a year. In this section, we highlight specific synergies in
the processes described in Section 3. This results in the proposal of a combination of all
investigated processes within an agricluster fueled by the availability of low temperature
surplus heat in Section 5.

4.1. Biomass Waste for Insect Rearing

Greenhouses and RAS systems are a source of biomass waste, and in this work, we
propose its use within an agricluster as a feasible means to valorize the underutilized
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biomass. Due to the currently high production costs in the Nordic region, domestically
grown vegetables are mainly for the fresh market. However, there can be occasional over-
production of vegetables, especially in summer. In addition, a fraction of the production
is considered to be of subprime quality and unsuited for fresh consumption sale, mainly
due to aesthetic reasons such as color, shape, maturity, or lesions. Considering the tomato
case in Section 3.1, in Norway, tomato waste due to overproduction and subprime quality
corresponds to approximately 200 t/a, or 2% of total production [63]. Subprime tomato is
predominantly used as cattle feed, whereas in other locations it may be used for landfill or
destroyed. Previous efforts to produce tomato sauce using the surplus tomatoes in Norway
has not been economically viable so far, mainly due to the volume, geographical dispersity,
and seasonality [63].

A second source of biomass waste from greenhouses originates from pruning activities
and plant disposal at the end of the season. Dias et al. [124] found that, on average, 89.7 g
of organic waste from pruning activities is produced for each kilogram of packed tomatoes
in Canada. Boulard et al. [57] found that at the end of the season, the waste corresponding
to pruning and plant disposal amounted to 17 kg/m? for soilless cultivation and 13 kg/m?
for soil-grown crops in France. Organic waste from pruning activities is typically landfilled.
It may also be composted, but a practical difficulty is that this waste may be mixed with
plastic twine and clips [57].

As mentioned in Section 3.1 greenhouse tomato is mainly for the fresh market, espe-
cially in the Nordic region. If production costs are reduced as a result of energy efficiency,
and locally produced tomatoes are processed, processing would be a third source of
biomass waste from greenhouses. In the case of tomato, depending on the tomato species
and processing method, 2-7% of the total processed tomato is typically wasted [63,125].
Biowaste production may be higher for other crops [126]. Food processing may produce
both solid and liquid waste. The solid portion, for example from a press cake, corresponds
to skins, seeds, and fibers [126,127]. Seeds account for approximately 10% of tomatoes and
60% of the total processing waste and are a source of protein (35%) and fat (25%) [125],
which can be used as nutrients for insect rearing.

Insect species can become active waste management agents by converting organic
wastes, sidestreams, and by-products of agricultural processes to animal proteins through
a bioconversion process [123]. The yellow mealworm, black soldier fly, and marine bristle-
worm are capable of being fed with biomass waste. Mealworms are omnivorous and can
eat all kinds of plant materials as well as animal products such as meat and feathers [118].
They have the ability to recycle plant waste materials of low quality into high-quality feed
rich in energy, protein, and fat. Their diet should be balanced to about 20% protein on a
dry basis, and a source of water should be provided for increased productivity [128]. As
an example, the Norwegian company Invertapro [129] uses surplus vegetable and fruit
biomass from the local community as feed for yellow mealworm. Black soldier fly larvae
can feed quickly, from 25 to 500 mg of fresh matter/larva/day, and on a wide range of
decaying organic materials. This includes rotting fruits and vegetables, coffee bean pulp,
distillers grains, fish offal, and animal manure as well as human excreta [128]. The process
performance varies with the type of waste used as feed and the varying reliability and
efficiency is a key challenge for black soldier fly biowaste conversion [130]. Reported
values of waste reduction are, e.g., 32-36% for fruit waste and 72% for vegetable waste on
a dry weight basis [131].

Sludge from aquaculture is another potential source of biowaste in an integrated
agricluster. In RAS systems, more than 98% of the particulate mater can be captured and
discarded as sludge, which contains high amounts of macro- and micronutrients [112,132].
Marine bristleworms have proved to be able to recycle organic nutrients from aquaculture
sludge and biogas sidestreams into high-quality proteins and lipids that can potentially
serve as ingredients for aquafeeds [112]. The utilization of biowaste for insect farming may
also be convenient in terms of costs, as the main cost for insect rearing is represented by
the raw materials used for feeding insects [133,134].
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Regulations can be a barrier preventing the use of waste as feed for insect production.
In the EU, insect proteins are approved for use in fish feed [135]. However, in Europe,
insects must be raised exclusively with substrates eligible as feed materials for farmed
animals [135,136]. Similar rules apply for Norway, where only vegetable feed for insect
production is allowed, and the use of sludge or kitchen or food waste is not permitted [137].
Therefore, it will be important to determine whether the surplus biomass from greenhouse
production is classified as waste according to the existing regulatory framework. Under
current EU regulations, sludge from aquaculture cannot be used as ingredient for edible
animal feed [112].

4.2. Seaweed and Insects for Fish Feed Production

Feed for farmed fish contains protein, fat, carbohydrates, and other microingredients
necessary for appropriate fish growth. Fishmeal used as fish food is produced from fresh
raw fish or trimmings from food fish. Soy is also widely used as a protein source in
conventional fish food. However, this crop is not grown locally in the Nordic countries,
and soy used for fish feed production is imported from countries such as Brazil, which
results in emissions from crop land use change as well as from transportation [105,138-140].
Other crops used for fish feed production are also grown outside the Nordic region [139].

Increasing the production efficiency and sustainability of fish feed and, thus, of aqua-
culture is necessary in order to meet the growing demand for an increasing population [141].
The largest share of the carbon footprint of fish feed manufacturing comes from primary
ingredient production, ingredient processing, and freight, rather than feed manufactur-
ing [138,139]. For this reason, developing efficient and innovative supply chains as well as
sustainable alternatives for fish food ingredients is essential in order to reduce the carbon
footprint of fish feed. Although seaweeds are currently not produced in sufficient volumes
for large-scale commercial fish feed production, major producers of aquaculture feeds are
considering them as sustainable and economically viable sources of protein and essential
omega-3 long chain fatty acids for fish food production [138]. Insects are not produced at
large scale in Nordic countries either. However, as mentioned earlier in this paper, some
national regulations already allow the use of insects as fish food (e.g., [137]).

To maintain optimal performance indicators, substitution of traditional fish food with
insect- or seaweed-based fish food may be partial for most fish species [128,142]. Feeding
studies indicate that the palatability of insect meals is good and can partially replace
fishmeal in the diets of fish species [141]. Moreover, the aroma and texture of fish does not
change on feeding with some insect species such and black soldier fly larvae. However,
depending on the insect and fish species, insect meal may require supplementation for
optimal fish growth. Therefore, levels of insect meal inclusion need are being studied to
assure proper fish food performance [128,141,142].

Black soldier fly larvae, mealworm, and silkworm are adept at accumulating lipids
and can be a protein-rich resource in the fish feed industry. While the amount of crude
protein in black soldier fly larvae varies between 40-44%, the amount of fat and fatty acid
composition depends on the diet, going from 15% for larvae fed on poultry manure to up to
40% for larvae fed on oil-rich food waste [128]. The protein content of mealworms (47-60%)
depends on diet. Fat content varies from 31 to 43%. Black soldier fly meal has been tested
experimentally as a partial substitute for fishmeal in different fish species such as channel
catfish, blue tilapia, rainbow trout, Atlantic salmon, and turbot. Belghit et al. [141] used
both protein meal and oil from black soldier fly larvae as part of Atlantic salmon diet. Fresh
and dried mealworms have been found to be an acceptable alternate protein source for
fish species such as the African catfish, gilthead sea bream, rainbow trout, and European
sea bass. For both insect species, replacement of fishmeal without affecting performance
ranged between 25 and 60%, depending on factors such as the fish species and method of
insect meal preparation [128,141]. Belghit et al. [142] replaced fishmeal entirely with black
soldier fly larvae meal in the diets of Atlantic salmon without negative effects on growth
performance, feed utilization, or sensory qualities of the fillet.
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As in the case of insect protein, seaweed protein can substitute soy protein for fish food
production. However, substitution leads to an environmental trade-off. Philis et al. [105]
found out that while the seaweed protein concentrate value chain has near-zero mineral
phosphorous consumption by using natural occurring marine phosphorous compared
to 25.75 kg of mineral phosphorous per tonne of soy-based concentrate, the primary
energy demand of the seaweed value chain is 11.68 times larger than for the soy-based
concentrate. Utilizing surplus heat for drying reduces the factor to 2.3 as the energy for
drying corresponds to 83% of the primary energy demand. Seaweed may represent not
only a source of biomass for insect rearing but an alternative for improving the nutritional
composition of insect feed by introducing marine nutrients. Liland et al. [143] demonstrated
that black soldier fly larvae can be successfully grown on media containing up to 50%
brown algae (A. nodosum). Based on these results, Belghit et al. [142] showed that Atlantic
salmon can be successfully fed with black soldier fly larvae grown on media partially
containing brown seaweed [141,142]. These results support the idea of integrating seaweed
production with fish and insect rearing.

Integrated multitrophic aquaculture (IMTA) has also been proposed as a solution
to mitigate the negative effects of fish farming wastes by utilizing excess nutrients for
marine plant production. IMTA combines the cultivation of fed aquaculture species (e.g.,
finfish), with organic extractive aqualculture species (e.g., shellfish) and inorganic extractive
aquaculture species (e.g., ssaweed) for a balanced ecosystem management approach [144].
Within IMTA, fish production is moved to the sea. Hence, this option is not further explored
in this paper, although it is an additional potential integration alternative to evaluate in the
proposed agricluster.

4.3. Aquaponics for Combined Greenhouse and Fish Growing

Aquaponics integrates greenhouses through hydroponics and recirculating aquacul-
ture systems into a single system [145]. Its key aim is to consider the waste of one process
as the input to another process, i.e., the waste of fishes as fertilizer for the plants in green-
houses. This leads to an overall reduction in waste and water usage. In addition, it reduces
the need of energy-intensive inputs, such as fertilizers from fossil sources, which are among
the highest-emitting agricultural categories [7,146]. However, aquaponics comes at the cost
of higher investment costs, compromises between optimal condition for fish rearing and
greenhouse production, and a more complicated control system due to the necessity of
monitoring the water quality. Palm et al. [147] provide a detailed review of different system
designs and scales of aquaponics. Aquaponic systems can be coupled, that is the process
water flows from the aquaculture to the hydroponics and back, or decoupled in which the
two processes do not transfer mass directly between each other but through intermediate
processes [148]. Figure 3 illustrates the concepts of coupled and decoupled aquaponics.

The advantage of decoupled systems is to avoid compromises between the conditions
in hydroponics and aquacultures. It allows operating both RAS and hydroponics at
the respective optimal conditions. This is achieved through sludge treatment via, e.g.,
anaerobic digestion for improved utilization of the solid waste from fish production [149]
and distillation for concentrating valuable nutrients in the stream leaving the hydroponics
unit. The former also produces biogas as side product. Furthermore, it is feasible to have an
additional fertilizer feed to the greenhouse production. However, decoupled aquaponics
requires further investments in the intermediate processes and improved control structures.
Growth and nutrient models have also been designed for aquaponic systems, simplifying
the design process of new installations and the analysis of the behaviour of individual
plant—fish combinations [150].
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Figure 3. Illustration of (a) coupled and (b) decoupled (multi-loop) aquaponics, adopted from [148].

The overall heat requirement is dependent on the design of the aquaponics system.
In general, the heat loss of the greenhouse to the environment is equal to the heat loss in
standalone greenhouses due to the absence of changes in the greenhouse area. The amount
of makeup water for RAS may change depending on the recirculation of water from the
greenhouse. This also translates into a variation of the heat demand of aquaponics for
heating the makeup water flow. Furthermore, if distillation is utilized for improving the
nutrient concentrations in both hydroponics and RAS [148], additional heat is required
for operating the distillation unit. However, it can be said that a large share of the heat
demand of a decoupled aquaponics systems is seasonal if surface water is used as makeup
water. This stems from the fact that heat is required for both space and water heating.
Both demands are higher in the winter than in the summer due to lower outside temper-
atures. The integration of aquaculture and greenhouse via aquaponics is already shown
to work on small scale [151]. Furthermore, the project Aquaponics NOMA showed that
aquaponics is also feasible with warm water fishes in the Nordic region if additional heat
is supplied [152]. Aquaponics can be also seen in the context of circular economy and
urban rooftop farming [153]. As an example, The BIGH project uses a coupled aquaponics
approach with 2000 m? of tanks and a greenhouse on top of a food market.

5. Improved Utilization of Surplus Thermal Energy in an Integrated Agricluster

The previously described synergies between the individual processes may furthermore
be exploited in a so-called agricluster in which further coupling between the individual
processes is introduced. Here, the enabler for clustering is not the usage of a common
utility infrastructure, a source of raw material or manufacturing of related products, but the
availability of surplus heat. Long transport distances increase overall energy requirements. A
surplus energy-driven agricluster allows the local production of food, such as vegetables
and fish, that can normally not be produced in Nordic climates due to the low outside
temperature, especially during winter months (e.g., see Figure 2).

Figure 4 shows the key energy and mass links in such an integrated agricluster based
on the material stream connections described in Section 4. The key integration factors are
the use of aquaponics for food production. Insect rearing and seaweed drying are both seen
mainly as supplementary to reduce the need for external feed for aquaculture. However,
insect rearing is still enabled through both greenhouse production and seaweed drying for
providing the required feed. The potential use of sludge from aquaculture as potential feed
for insect rearing is not illustrated due to the current regulatory constraints mentioned in
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Section 4.1. In addition, it is feasible to produce biofuels or biochemicals from seaweed
(e.g., bioethanol and liquid fertilizer [154]) as well as feed for land animals from insects
depending on the scale of the insect rearing production. Further quantitative analyses for
a specific site are required to be able to answer whether additional feed production from
insects is feasible.

The overall scaling of the individual processes is dependent on the crops grown in the
greenhouse, the proposed fish, and the potential for seaweed production in the vicinity of
the cluster. In addition, site specific characteristics, such as outside temperature or available
space, may impact the chosen processes. This makes it complex to obtain an overview
of the overall capital and operational expenses and, hence, the profitability of such an
agricluster without loss of generality, which is the aim of this paper. However, several
generalized conclusions can be drawn:

1.  The integration of the individual processes leads to an improved utilization of the
available resources by considering the waste of one process as the resource for another.

2. Integrating the individual processes into a single agricluster allows a reduction in
transport costs and emissions as less input to the system is required. This is specifically
relevant for substitution of emission-intensive feedstock such as soy-based fish feed
or fishmeal.

3. Exploiting synergies, nutrient cycling, as well as mass and energy integration can lead
to an efficient utilization of by-products and waste reduction, enabling the reduction
of the environmental and climate footprint of the food production system.

4. The majority of the considered food production processes require more heat in the
winter than in the summer, as the heat is utilized for space or water heating. As an
exception, seaweed drying, which is highly energy intensive, requires heat in the
summer due to the harvest season and may balance the overall energy demand.

Available low temperature surplus heat

Biomass

Decoupled
(eI | _Aquaponics Seaweed Biomass Insects

Aquaculture

production drying rearing

Fish feed
production

Figure 4. Proposal for an agricluster based on surplus heat from industry, highlighting the mass
streams interconnections between the different processes.

Nonetheless, there are also challenges associated with an integrated food production
cluster. One major disadvantage compared to existing production technologies is related to
the costs. Specifically, the integration of hydroponics and RAS into aquaponics requires a
more complex system and control of the individual variables, resulting in increased capital
expenses [148]. Therefore, it is difficult to obtain a detailed estimate of corresponding costs
and, hence, profitability of the coupling of RAS and hydroponics. These generally depend
on the specific design. Furthermore, Turnsek et al. [155] highlight that existing estimates
for payback periods have to be taken with caution due to the large variety of combinations
of fish and plant species. Specifically, estimates made 10 years ago were proven to not be
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valid. Similarly, the production of insects and drying of seaweed using surplus heat is still
in its infancy in Europe. In combination with potential regulatory barriers for utilizing, e.g.,
biomass waste as insect feed or insect proteins and seaweed as fish feed, this infancy may
result in delays for developing an integrated agricluster. However, the first steps toward a
regulation that allows for this type of use have already been taken [135,137].

Another factor to consider is the effect of heat export on the industrial actor, whose
presence is a prerequisite for the establishment of the agricluster we propose. In the
case of an aluminum production plant, it would be necessary to recover heat from the
off-gas to meet the temperature needs of the cluster. The off-gas channels are located
centrally in an aluminum plant and free space is often limited, which could make heat
exchanger installation challenging. In addition, heat recovery will introduce an additional
resistance in the duct system, which could lead to increased overall pressure drop and
fan work [156]. This, along with possible heat exchanger maintenance requirements, can
potentially increase the operational costs of the plant.

A critical aspect to consider for the integration and operation of such a cluster is
production seasonality. Light and nutrient availability can be controlled in greenhouses,
RAS, and closed insect production facilities, although this would be at the cost of potentially
increased electricity demand. However, each of the proposed processes has different rearing
or growth periods, mainly depending on the selected species or crop. This will of course
affect the production of “waste” that is used as a “resource” in the other processes. Different
species and crop combinations will need specific material and integration and coupling
strategies. Decoupled aquaponics partially solves this problem between greenhouse and
fish rearing, as discussed in Section 4.3. Similar schemes may be proposed for the other
interactions. A common aspect among greenhouses, RAS, and closed insect production
facilities is that heating requirements are tightly determined by the outside temperature,
which is more or less cyclical. Thermal energy storage solutions can be considered to
overcome the potential mismatch between surplus heat availability and heat demand in the
agricluster. In this regard, phase change materials (PCM), which release or absorb energy
while changing phase, are being studied as a potential solution within the processing
and food industry for the recovery of surplus heat, especially for daytime temperature
variations [157,158]. With respect to seasonal variations, there is a peak in the winter and
significantly lower heating requirements in the summer. Conveniently, as mentioned in
Section 3.3, the seaweed harvesting season corresponds to the season with lower heating
requirements of the rest of the proposed agricluster components. Therefore, in this case, the
cyclical nature of production and heat requirements is, in fact, an enabler for the agricluster.

Finally, it should be mentioned that adequate and sufficient funding instruments, in
addition to the ones mentioned in Section 1, should be set in place. Investment finance
is typically insufficient to meet demand and meets only a relatively small share of total
agricultural investment needs [146]. In addition, there is a need for investment in R&I
in the field of low temperature surplus heat utilization and integrated food production
systems, which would result in improving knowledge and generating innovations.

6. Conclusions and Future Work

In this paper, we investigated the utilization of surplus heat for sustainable food
production. The utilization of industrial surplus heat in an agricluster is particularly inter-
esting in the Nordic region, where fresh fruits and vegetables are generally imported due
to the low outside temperature during most of the year. In addition, the local production
of food may result in a reduction in GHG emissions and the environmental impact of
food production due to the large share of renewable energy in the electricity sector of the
Nordic region. Although there are examples of industrial surplus heat utilization in fish
and greenhouse production, there is still a large potential for improved utilization of the
resources through integration of the individual processes. The proposed agricluster allows,
correspondingly, an improved utilization of available resources and energy by accounting
for the seasonality of the different processes. Moreover, through the novel suggested
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integration of waste heat and biomass, the agricluster concept may be contextualized as a
sustainable industry supercluster that uses industrial waste heat to produce several kinds
of human food sustainably (in this work, the proposed foods are tomatoes and warm
water fish).

Strategies for proper sizing of the individual processes is a direction for future work
and may be based on the local availability of existing sources for surplus heat as well as
demand for individual products. These strategies could also include methods to iden-
tify the economic sustainability of a proposed agricluster project. Ideally, these methods
should include alternative uses for the industrial waste heat, estimates for equipment and
construction costs, and should also consider the local market conditions and regulations.
Local regulations are particularly important in order to realize an agricluster, as environ-
mental policies and legislation supporting the recovery of surplus heat and the use of
sidestreams (such as “biowaste”) as feedstocks in the food industry are required to enable
the development of agriclusters as proposed in this paper.
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The following abbreviations are used in this manuscript:

CAP Common Agricultural Policy

CHP combined heat and power

EAFRD  European Agricultural Fund for Rural Development
GHG greenhouse gas

IMTA integrated multitrophic aquaculture

PCM phase change materials

RAS recirculating aquaculture system
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