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Vertical farms use some resources very efficiently. However, their electricity use is considerable, and a significant amount of waste heat is produced. This paper investigates how the integration of vertical farms in buildings could reduce the use of energy, water, and nutrients collectively across both entities by leveraging potential resource synergies. The paper considered the integration of vertical farms in apartments, offices, restaurants, swimming pools, and supermarkets located in the Netherlands. For each typology, the floor area heated and the amount of building users fed by one m2 of one production layer within the vertical farm was calculated, along with required outputs of water and nutrients from the building to sustain the vertical farm. The energy savings of different integration strategies were calculated for each building typology in comparison to a non-integrated approach. Results showed that the synergetic integration of vertical farms with buildings reduced the year-round energy use of the climate systems of both entities collectively by between 12 and 51%. The integration of vertical farms with buildings decreases the use of energy, water, and nutrients from external sources and offers great potentials to reduce the environmental impacts of both entities, whilst producing food in urban environments.
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1. Introduction

In 2021, the energy used for building heating purposes represented 23% of the global energy consumption (IEA, 2022). The total energy use by buildings is responsible of 28% of the global greenhouse gas (GHG) emissions (World Green Building Council, 2019), creating the need to drastically reduce building energy use to curtail these GHG emissions. The ‘New Stepped Strategy’ can be applied to achieve this aim, which adds an intermediate step between reducing demands and using renewable sources to the well-known Trias Energetica strategy. This step includes the use of available waste flows (van den Dobbelsteen et al., 2011). The integration of urban agriculture in cities can help to better close resource cycles of energy, water, materials (Vernay et al., 2010), and nutrients (Jurgilevich et al., 2016) by creating synergies between the farm and other urban functions, i.e., reusing the waste streams of urban agriculture as a resource for the city and vice versa. Examples of these synergies include nutrient recovery from the sewage system (Wielemaker et al., 2018), and the use of carbon dioxide (CO2) from production processes to increase crop yields (Marchi et al., 2018). At the building scale, bidirectional synergies between a rooftop greenhouse and an office building with laboratories have been identified and quantified by Muñoz-Liesa et al. (2020, 2022). The greenhouse functioned as a heat and cold sink by reusing the building’s exhaust air for heating during colder months and cooling during warmer months, and as a solar collector that supplied excess heat to the building. Furthermore, this greenhouse reduced heat losses through the building’s roof (Muñoz-Liesa et al., 2020), and the CO2-concentration of the greenhouse was increased using the building’s exhaust air (Sanjuan-Delmás et al., 2018). Using these principles, urban agriculture can increase the sustainability of cities, buildings, and food systems (Kozai and Niu, 2020).

An recent typological addition to urban agriculture is vertical farming (VF); a food production system within a controlled environment that uses vertically stacked hydroponic systems and artificial light (Kalantari et al., 2017) to achieve year-round production of crops with maximum density and high yields (Graamans et al., 2018). VFs use water, pesticides, herbicides (Kalantari et al., 2017), CO2 (Kozai et al., 2006), and fertilisers (Germer et al., 2011) highly efficiently. The electricity use for artificial light and climate systems is, however, substantial and outweighs the aforementioned benefits altogether when comparing the carbon footprint of a VF to that of conventional agriculture systems in the Netherlands (Blom et al., 2022). Furthermore, the electricity use represents the highest share of the operational costs (Pesch and Louw, 2023), especially when considering recent high energy prices. The artificial lights within a VF produce excess heat, which has been identified as a potential low-temperature heat source for district heat networks by various researchers (Thomaier et al., 2014; Gentry, 2019; Martin et al., 2019). VFs may also contribute to a balanced renewable energy system by producing food and residual heat when there is excess electricity production during sunny or wind days. The heat produced by VFs can be stored in seasonal thermal energy storage systems to bridge energy imbalances (Graamans, 2021). Martin et al. (2022) explored a bidirectional energy synergy between a VF and a residential building. This synergy exchanged waste heat produced by the VF with the cold produced when heating the building to reduce the total energy use of the building. One other study identified a synergy between VFs and buildings through the direct integration of VFs in office spaces to reduce indoor CO2 levels, and the energy used by ventilation systems (Shao et al., 2021).

Although the potential to minimise resource use in cities through the integration of urban agriculture had been recognized by literature, little research had been done on creating synergies between urban agriculture and buildings, and even less on the integration of VFs. The goal of this study is to investigate how the integration of VFs into the energy and resource systems of a building can reduce the energy and resource use of both entities collectively. The paper focuses on the integration of VFs within apartments, offices, restaurants, supermarkets, and swimming pools. The baseline conditions of the VF and building typologies are discussed first in sections 2.1 and 2.2. As energy represents the largest share of the carbon footprint of VFs (Blom et al., 2022), the main focus is to exchange residual energy between the VF and the building, creating bidirectional synergies. To explore the potential to enlarge these synergies through the use of seasonal energy storage, the paper investigates the integration of VF within buildings with and without seasonal storage (section 2.3). Unidirectional flows are also studied, including the potential to reuse water and nutrients outputs from the building within the VF, and the production of crops for the building users (section 2.4). The results present the ratios required between the cultivation area of the VF and floor area of the building to supply the thermal energy demands using bidirectional synergies, including the calculated energy savings (section 3.1). Section 3.2 discusses the unidirectional flows of water and nutrient outputs from the building to the VF. This section also calculates the number of building users that can be fed by the crops produced within the VF. Finally, the results and assumptions are discussed in greater detail in section 4, including the identification of future research opportunities, leading to the final conclusions of the research in section 5.



2. Methods

This research investigates the potential for bidirectional energy exchange between VFs and buildings. Furthermore, three unidirectional flows are studied: the production of crops for consumption by the building users (1), the reuse of treated grey water outputs from the building for crop irrigation (2), and the recovery of nutrients from urine to replace synthetic fertilisers (3). The research method is separated into three subsections (Figure 1). Section 2.1 describes the baseline conditions of the VF, including the climate setpoints, cooling and dehumidification strategy, and the inputs and outputs of crops, water, and nutrients. Section 2.2 defines the baseline heating and cooling systems of the buildings, and the inputs and outputs of vegetables, water, and nutrients. The potential strategies to enable bidirection exchange of energy are defined in sections 2.3.1 and 2.3.2. Finally, the performance of these strategies are assessed and the potential energy savings are calculated (section 2.2.3).

[image: Figure 1]

FIGURE 1
 Structure of the methods (Sections 2.1–2.3) and that of the results (Sections 3.1–3.2).



2.1. Baseline vertical farm

This study focuses on a hypothetical VF located in the Netherlands. This VF can be defined as a closed-box VF, which is hermetically sealed to create uniform growth conditions that are independent from the outdoor climate (Van Delden et al., 2021). This includes uniform lighting, temperature, CO2 levels, and relative humidity (Graamans, 2021). To maintain these constant conditions, air is reconditioned and recirculated, and the infiltration of outdoor air is avoided as much as possible. In the baseline VF, hydroponic nutrient film technique is used to produce butterhead lettuce. To date, there are many different approaches to growing food in VFs, e.g., the growth method, the number of growth layers, cultivation height, and automation. This makes it impossible to define a typical VF layout (Blom et al., 2022). To maximise the transferability of the results, we focused on the outputs and inputs per m2 cultivation area within the VF. When we refer to the one m2 cultivation area in this research, this means one m2 of one production layer of the VF.


2.1.1. Climate set points

The climate set points of the hypothetical VF studied in this paper were based on that of a commercial VF located in The Netherlands. This VF produces a mix of leafy greens within multiple container sized closed-box growth environments. During the photoperiod (16 h), the exhaust air of the VF has a temperature of 26°C, and a relative humidity (RH) of 72%. The return air, after cooling and dehumidification is 24°C and 76% RH. To produce butterhead lettuce, the VF studied uses a Photosynthetic Photon Flux Density (PPFD) of 200 μmol m−2 s−1 and a photoperiod of 16 h d−1, resulting in a Day Light Integral of 11.5 mol m−2 d−1. With a LED molar efficacy of 3.5 μmol J−1 (Weidner et al., 2021), the electricity use of the LEDs is 334 kWh m−2 y−1 and the cooling demand is 300 kWh m−2 y−1. During the dark period (8 h), the temperature was approximately 2°C lower, and the RH about 10% higher (Graamans et al., 2017). For simplification, this research only includes the photoperiod.

The cooling demands in a closed-box VF are the result of the heat dissipated by fans, pumps, auxiliary equipment, and most significantly, the LED lights. Currently, LEDs have a wall-plug-efficiency of 60–65%, meaning that 60–65% of the energy input is emitted as optical energy and 35–40% as sensible heat (Personal communication Signify). Crops only convert a few percent of the optical energy into chemical energy, i.e., biomass. As a result, most optical energy in converted into sensible and latent heat. Therefore, approximately 95–98% of the electrical energy consumed by LEDs has to be cooled away (Personal communication Signify). When assuming some heat losses through the thermal envelope of the VF, approximately 90% of the LEDs’ electricity input needs to be dissipated by dehumidification and cooling systems. This number was confirmed by the commercial vertical farmer that provided the climate set points.



2.1.2. Cooling and dehumidification strategy

Current cooling and dehumidification systems for VFs were discussed with five VF companies in the Netherlands. A cooling and dehumidification system was selected for the baseline VF that uses one water-to-water heat pump (HP1) for cooling, dehumidification, and reheating (Figure 2). The evaporator of HP1 is used to cool the exhaust air of the VF below its dew point temperature in heat exchanger 1 (HE1) to reject moisture from the air. The condenser of HP1 reheats the air in heat exchanger 2 (HE2) to obtain the required return temperature of 24°C. The condenser produces more heat than is required by HE2, this abundance of heat is rejected to the atmosphere via a water-to-air heat exchanger (HE3). A cold and warm buffer tank are included together with mixing values to allow temperature variations within the system whilst maintaining uniform VF conditions. More details are presented in Supplementary material section 2.1.
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FIGURE 2
 The selected cooling and dehumidification strategy for the VF in which HP1 is used to provide cooling below the dew point temperature in HE1, and re-heating in HE2. HE3 removes the abundance of heat produced by the condenser.


The total energy use of the cooling and dehumidification system (Figure 2), and the residual heat removed by HE3 were calculated using mathematical simulations. The total heat produced by the VF is specified in Supplementary material section 2.2. The HP calculations are discussed step-by-step in Supplementary material section 3, together with the energy calculations of the heat exchangers, mixing valves, fans, and pumps within the climate system. In additional to the electricity use of 334 kWh m−2 y−1 for LEDs, the cooling and dehumidification system of the VF used 84 kWh m−2 y−1. As the total cooling demands of the VF were 300 kWhth m−2 y−1, this resulted in an overall efficiency of the climate systems of 360%, i.e., a coefficient of system performance (COSP) of 3.6. In total, 353 kWhth m−2 y−1 residual heat of 25°C on average is removed by HE3.



2.1.3. Input and outputs of crops, water, and nutrients

The VF described by Blom et al. (2022) was used as reference for nutrient consumption and crop production. This VF produces butterhead lettuce with a light use efficiency of 0.75 g dry weight lettuce per mol incident light (Blom et al., 2022). When the light recipe presented, this results in an annual lettuce production of 78.8 kg fresh weight per m2 cultivation area. The quantity of water vapour removed by dehumidification in HE1 was calculated with the following formula:

[image: image]

where ṁw is the water removal in kg s−1, ṁa is the total air flow rate in the VF in kg s−1, and ∆w the difference in humidity ratio across HE1 (Supplementary material section 2). The water demand of the VF is the sum of the water vapour removed by dehumidification (Eq. 1), and the water content of the crop. Using a dry matter content of 4% for lettuce (Jin et al., 2021), the total water demand is 309 L y−1 per m2 of cultivation area. The hypothetical VF will reuse the water vapour recovered by dehumidification, where we assumed an overall loss of 5%. This results in an actual water usage of 87 L m−2 y−1. The nutrient use is 2.1 kg per m2 cultivation area annually, including the uptake of 26 g synthetic fertiliser per kg of lettuce produced (Blom et al., 2022), and a 5% loss during nutrient circulation.




2.2. Baseline conditions of buildings

This research considers apartments, offices, restaurants, indoor and outdoor swimming pools, and supermarkets located in the Netherlands. To obtain a high density of heating demand, single-family housing were excluded from this research. For each building typology, data was collected on the average heating and cooling demands (Supplementary material 4.1) and the inputs and outputs of food, water, and nutrients (Supplementary material 4.3–4.5). The energy demands of the apartments are based on the average energy use of 75 to 100 m2 apartments in the Netherlands. Office energy demands are included for smaller (250–2,500 m2) and larger (2,500–5,000 m2) offices. Three energy labels are considered for apartment and offices: BENG-label (nearly zero-energy building code) to represent new apartments, and A- and C-labels for renovations. Energy labels inform potential buyers or renters about the energy efficiency of the building (Van Den Brom et al., 2018). After the BENG-label, A-labels represent the highest energy efficiency and G-labels the lowest. Energy labels lower than C were not included as we assumed that the integration of VFs within buildings would require deep renovations. In 2021, 64% of the apartments in the Netherlands had an energy label, of which 68% was a labelled as C or higher (RVO, 2022). Lower energy labels can still be renovated to improve the energy label. All office buildings in the Netherlands need to have an energy label of C or higher since January 2023 (RVO, 2023). There was no data available about the energy labels of restaurants, swimming pools, and supermarkets, therefore, we used the average energy use of these typologies (CBS, 2018; Stimular, 2022).

A reversible air-source HP system was assumed as the baseline heating and cooling system across the building typologies (Supplementary material 4.2). BENG and A-labelled apartments and offices, the restaurant, and supermarket were heated with low-temperature floor heating of 40°C supply, and C-labels with mid-temperature radiators of 70°C. The return temperature of floor heating was 10°C lower than the supply temperature, and the return temperature of radiators decreased by 20°C (Maivel and Kurnitski, 2015). The coefficient of performance (COP) of these HPs were 4.4 for low-temperature heating, and 2.4 for mid-temperature heating. To avoid condensation, we used floor cooling with a supply temperature of 18°C and a return temperature of 23°C for all building typologies. Domestic hot water (DHW) was excluded from this study. The average water temperature of the swimming pools was 23°C (Koppejan, 2016). The indoor swimming pool was heated year-round, whilst the outdoor pool was opened and heated between May and September. This resulted in a COP of 4.8 for the indoor pool, and 5.5 for the outdoor pool. Besides the electricity use of the HP, the overall energy use of the heating and cooling system included the electricity used by the outdoor fan. The energy use of the pumps that distribute the heat and cold through the building strongly depends on the head difference between the HP and heat delivery system, i.e., the design of the building. The distribution pump of the floor heating system studied by Hwang and Jeong (2021), used less than 1% of the total electricity used by the air-sourced HP system. The distribution energy of the heating system was, therefore, excluded from this research. This also applies to the performance calculations of the integration strategies.



2.3. Integration strategies for energy synergies


2.3.1. Direct integration

In the baseline non-integrated approach, residual heat was removed from the VF by HE3 (Figure 2). To enable bidirectional energy exchange between the VF and building, HE3 was replaced by one or two components that connect the VF to the building’s heating system (Figure 3). These components included a HE (A1), a HP (B1), a HE combined with a HP at the building-side (C1), a HP connected to a HE at the building-side (D1), and two HPs (E1). These five strategies supply the heat produced by the VF to the building where it was used directly for space heating, or stored within a storage vessel for short periods of 1–3 days. Outside of the building’s heating season the VF switches back to the baseline cooling and dehumidification system and the residual heat is dissipated via HE3, and the building is cooled by the air-source HP (section 2.2).
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FIGURE 3
 The baseline scenario (0) and 5 different direct integration strategies to enable bidirectional exchange of energy between the VF and building (A1-E1). Dashed lines represent air flows, and solid lines represent water flows.




2.3.2. Integration with seasonal energy storage

To further enhance the symbiosis between the VF and the building, the potential to include an aquifer thermal energy storage (ATES) system as part of the integration strategies A1-E1 was explored. The Netherlands has a high potential for ATES systems (Bloemendal et al., 2018). ATES systems can overcome the discrepancy between times of heat surplus and heat shortage by seasonally storing and recovering heat (Bloemendal et al., 2018) underground, at a depth of 100–250 m. ATES systems store heat at a maximum of 25°C, and a minimum of 5°C (IF Technology, 2019). As such, heat produced by the VF during summer can be stored, and extracted during winter.

This year-round bidirectional energy exchange would require the simultaneous cooling of both VF and the building during summer, which is not possible for strategies HE (A1) and HP (B1) even when integrating an ATES system. Figure 4 schematically presents strategies C2, D2 and E2 with ATES during the winter months when heating is required by the building. Here, direct heat from the VF and the heat stored in the ATES system during summer are supplied to the building. While the cold produced by heating the building is supplied to the VF or stored in the ATES system. In summer, cold is extracted from the ATES system to cool the VF and the building, and the heat produced by the cooling systems is stored. To avoid exhaustion of the aquifers, thermal energy extraction and storage should be balanced over the year (Bloemendal et al., 2018).

[image: Figure 4]

FIGURE 4
 Three different strategies to enable year-round bidirectional exchange of thermal energy between a VF and building using aquifer thermal energy storage (C2-E2). The figure represents the winter season. Dashed lines represent air flows, and solid lines represent water flows.




2.3.3. Selecting integration strategies and calculating the energy savings

To define the potential energy savings as a result of the bidirectional exchange of energy between the VF and the different building typologies, applicable energy strategies had to be selected first. The integration strategies were selected on three criteria. The ability to produce the required heating temperatures (1), i.e., 23°C heating of swimming pools, 40°C low-temperature heating, and mid-temperature heating of 70°C (Section 2.2). The potential to comply with storage temperature restrictions of 25°C maximum, and 5°C minimum when using ATES (2). Finally, the energy efficiency of the applicable strategies was calculated (3).

The energy efficiency of the strategies was calculated for the integration with low-temperature heating. This energy efficiency indicates the quantity of 40°C heat (kWhth) that can be produced per kWh of electricity used by the climate systems of the integration. The electricity use of the climate systems that enable the bidirectional exchange of thermal energy between the VF and building include: the energy used by the HP, fans and pumps of the VF’s cooling and dehumidification system (Figure 2), the energy used by the HP(s) and pump(s) that supply the VF heat to the building’s heating system at the right temperature, and where applicable the energy used by the ATES pump. The energy use of these components was calculated according to the methods described in Supplementary material 2. The energy used by the distribution pumps of the building’s heating system were excluded (Section 2.2.).

Finally, we calculated the energy savings achieved as a result of the bidirectional thermal energy exchange between the VF and the different host building typologies, and the floor area of the building that could be heated via this exchange. The energy savings are presented in kWh per m2 cultivation area and for the floor area of the building that was heated with this synergy. The energy savings compare the energy use of the climate systems of the integration with that of the baseline VF and building in isolation. The baseline scenario adds together the energy used for cooling and dehumidification of one m2 cultivation area, and the baseline energy used to heat and cool the building’s floor area defined for the integration. For these calculations Microsoft Excel was used as a way to create dynamic relationships between changing conditions of building typologies, the VF, and the different integration strategies. The dataset can be downloaded via the Data Availability Statement, a step-by-step description of these calculations is found the Supplementary material.





3. Results

The following sections describe the results of this study. The selected energy strategies to facilitate the bidirectional exchange of heat and cold between the VF and the different buildings are described first, including direct integration (section 3.1.1) and integration with ATES (section 3.1.2). These sections also present the floor area of each building typology that can be heated with one square meter cultivation area in the VF, and the energy savings. Section 3.2 discusses the unidirectional flows of crops, water, and nutrients. All results are presented per one m2 of one production layer within the vertical farm, i.e., one m2 cultivation area.


3.1. Energy synergies

This section describes the energy savings obtained by creating bidirectional synergies between the VF and various building typologies. These savings include the baseline energy use of the cooling and dehumidification system of one m2 cultivation area of VF in isolation and that of the heating and cooling system of the building for the area heated by the synergy, in comparison to the total energy use of the integrated energy system cooling one m2 cultivation area and heating the specified area of the connected building. The elements included within the total energy use of the integrated climate system were specified in section 2.3.3. The total energy use of these climate systems is presented in kWh per m2 cultivation area of the VF. This also includes for the floor area of the building heated by this synergy.


3.1.1. Direct integration

Two strategies were selected for direct integration without seasonal energy storage: HE (A1), and HP (B1). Strategy A1 was most efficient for heating of 20–30°C as no additional HPs was needed, i.e., heating was done passively. The limitation of 20–30°C heating in strategy A1 was the result of the fixed temperatures required by HE2 to reheat the VF air to 24°C. This temperature could not be obtained when supplying 40°C heat to the host building. Therefore, strategy HE (A1) was only applicable for integration with swimming pools, using temperatures of 30°C supply and 23°C return. One m2 VF supplied the heat demands of an indoor swimming pool with a water surface of 0.17 m2, and an outdoor pool of 1.04 m2 (Table 1; Figure 5). The annual savings obtained by the climate systems of the synergy between the VF and the outdoor pool are 27%, which is significantly smaller than the savings of 51% when integrating the VF with an indoor pool. The outdoor pool is in winter, the VF will switch to the baseline strategy; dissipating excess heat to the environment.



TABLE 1 Total energy use by the climate systems of one m2 of one production layer of the VF and the thereby heated areas of the different building typologies when using integration strategies A1, B1, or E2.
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FIGURE 5
 (A) Floor areas of different typologies that can be heated by creating a bidirection synergy with a vertical farm of one m2 cultivation area, i.e., one m2 of one production layer in the VF. Including the total annual energy use of the climate systems, and the LED systems of the vertical farm in kWh per m2 cultivation area. (B) Floor areas of different typologies that can be heated by creating a bidirectional synergy with a vertical farm of one m2 cultivation area, i.e., one m2 of one production layer in the VF. Including the total annual energy use of the climate systems, and the LED systems of the vertical farm in kWh per m2 cultivation area.


Direct integration strategies B1 through to E1 can supply heating of 40°C and higher, as active systems can upgrade the heat produced by the VF. The COSP represents the ratio between the amount of heat supplied to the host building’s heating system, and the total energy use of the system (as specified in section 2.3.3). When connected to a building with a floor heating system of 40°C, the COSP of strategies B1, C1, D1, and E1 were respectively, 7.4, 7.1, 7.2, and 6.8. Therefore, strategy B1 (HP) was selected as the most efficient active direct integration strategy in this study. Integration strategy B1 (HP) was used to heat the building. When there was no heating demand, the VF and building were cooled independently according to their baseline systems. By using strategy B1 (HP), each m2 cultivation area of the VF could supply the heating demands of between 2.8 m2 and 4.1 m2 of an apartment (C-, A-, BENG-label), between 2.7 and 11.1 m2 of an office (A-, C-, BENG-label), 0.9 m2 of a restaurant, 0.2 m2 water of an indoor swimming pool, or 1.1 m2 water of an outdoor swimming pool (Table 1; Figure 5). The year-round energy savings varied between 16 and 35%, and savings within the heating season between 22 and 44%. The savings within the heating season refer to the period when the synergetic exchange of heat and cold between the VF and building are active. Within the annual savings we also include the energy used by the baseline systems during periods without heat demands of the host building, i.e., when no synergy occurred. The synergy between a VF and a supermarket was not beneficial from an energy perspective as the cooling demands of the supermarket were significantly higher than its heating demands (Supplementary material 3.1). If the supermarket and VF would be integrated an abundance of heat would be produced as both functions require cooling throughout the year.



3.1.2. Integration with seasonal energy storage

Integration strategies C1, D1, and E1 could be combined with an ATES system (Section 2.3.2). HE4 connects the ATES system to the water circuit between HE3 and HP2 (C2), HP2 and HE3 (D2), and HP2 and HP3 (E2; Figure 4). In the Netherlands, ATES temperatures are restricted to 25°C maximum, and 5°C minimum. To produce supply air with a temperature of 24°C and RH of 76% for the VF, the water temperature leaving HE3 (C2) or HP2 (D2/E2) towards HE2 should be higher than 27.3°C. Due to the maximum temperature of 25°C in the ATES hot source, this cannot be achieved when using integration strategy C2. The floor heating supply and return temperatures were at least 40 and 30°C. The connection of HE3 to the floor heating system in strategy D2, therefore, resulted too high temperatures for storage in the ATES system. Integration strategy E2 (HP + HP) overcomes both difficulties of C2 and D2, as the temperatures produced by HP2 and HP3 were adjustable. Integration strategy HP + HP (E2) was, therefore, selected when using ATES.

In contrast to the direct integration strategies not using ATES, bidirectional synergies between the VF and host building occur year-round due to the integration with seasonal storage. During the building’s heating season, the amount of heat supplied to the building was the sum of the heat produced by the VF, the amount of heat extracted from the ATES hot source, and the electricity input of HP3. By heating the building, HP3 produces cold that was used for VF cooling by HP2, and the remainder was stored in the ATES cold source (Figure 4). Outside of the building’s heating system (Figure 6), this cold is extracted from the ATES cold source and used to remove heat from the VF whilst simultaneously cooling the building. The heat generated by HP2 and HP3 was stored within the ATES hot source for later usage. The amount of heat extracted and stored within both hot and cold source of the ATES system was balanced over the year.

[image: Figure 6]

FIGURE 6
 Schematic representation of integration strategy HP + HP (E2) with ATES in summer.


To achieve the thermal balance described above by using strategy E2 (HP + HP + ATES), each m2 of VF should be combined with between 11.2 and 15.6 m2 of an apartment (A, C-, or BENG-label), between 24.8 and 86.3 m2 of a small office (A, C-, or BENG-label), 57.7 m2 of a large BENG-labelled office, or 5.3 m2 of a restaurant (Table 1; Figure 5). These synergies resulted in total annual energy savings of between 12 and 35%. Large, A- and C-labelled offices were not suitable for integration with VFs when using ATES. When cooling large offices with ATES systems, enough heat is generated during the summer months to supply the heating demands during the colder and intermediate months without the need for additional VF heat. The indoor swimming pool would not benefit from the ATES system either as it uses the heat produced by the VF year-round. The outdoor pool had a heat demand in summer, when other functions had no heat demand, e.g., apartments and restaurants. In the heating season of these buildings, the outdoor pool is closed. Therefore, the integration of a VF with an outdoor pool and an apartment or restaurant could create year-round symbiosis without the need for ATES. Finally, as described in Section 3.1.1 the synergy between the VF and supermarket was not beneficial due to the high cooling demands by the supermarket.

The results indicate that one m2 cultivation area of the VF can heat a larger floor area of small C-label offices, and C-label apartments with ATES than A-labels (Figure 5). This was not expected due to the higher heating demands of C-labels (Supplementary material section 4.1). The COP value for mid-temperature heating was lower than for low-temperature heating, thus the HP of C-labels used more electricity and the condenser produced more heat. The ratios between the heating demands of these A- and C-label offices and apartments were smaller than the ratios between the electricity inputs of these HPs. Therefore, the C-labelled offices and apartments with ATES required less cultivation area than the A-labels.




3.2. Crop, water, and nutrient flows

Besides the bidirectional exchange of heat and cold using integration strategies A1, B1, or E2, unidirectional flows between the VF and the building could be established. These include the production of lettuce in the VF for consumption by the building users, and the reuse of grey water and nutrients from the building in the VF.


3.2.1. Crop production

We assumed that each person consumed 250 g of vegetables per day, and for simplification of the study all vegetables consumed were lettuce. The lettuce demands per person for each building typology are described in Supplementary material 3.3. One m2 of cultivation area produces enough lettuce annually to feed 0.9 person living in the apartment, to provide the lunch of 1.4 full time employees working in an office, or to produce the vegetables for 315 meals in the restaurant (Figure 7). Furthermore, each m2 of cultivation area could produce 79 kg of lettuce for a supermarket annually. We assumed swimming pool visitors consume minimal quantities of vegetables, and this flow was thus excluded for this typology.
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FIGURE 7
 The unidirectional flow of lettuce produced by one m2 of one production layer in the VF, that can theoretically be used to supply the annual vegetable consumption of the apartment’s residents, the lunches of office employees, or the meals produced in the restaurant.




3.2.2. Grey water reuse

Grey water output of host building can be filtered and reused for toilet flushing or to water the crops of the VF. The reuse of grey water for toilet flushing was prioritized, the remaining grey water was supplied to the VF. As the grey water production of the offices was smaller than the water used for toilet flushing, no grey water was supplied to the VF (Supplementary material 4.4). The grey water production of apartments, restaurants, and swimming pools was higher than the water required for toilet flushing, and therefore the remaining grey water could be reused for crop watering in the VF. Each m2 of cultivation area annually consumes the grey water outputs produced by 0.004 residents in the apartments. One m2 of cultivation area could also be watered by the grey water output of 10 visitors to the restaurant or one visitors to the swimming pool assuming each visitor uses the toilet once. There was no data available on the water consumption of the supermarket, thus the supply of grey water to the VF was excluded in Figure 8.
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FIGURE 8
 The unidirectional flows of grey water and nutrient outputs of the host building, that can be used to supply the water and nutrient demands of one m2 of one layer of cultivation area of the vertical farm. The required water and nutrient production is expressed in the amount of residents of the apartments, employees of the office, or visitors of the restaurant or swimming pool.




3.2.3. Nutrient recovery

Nutrients recovered from human urine could be used to replace synthetic fertilisers in the VF (Supplementary material 4.5). The annual nutrient demands of one m2 cultivation area in the VF could be supplied with the nutrients recovered from urine of 0.3 residents in the apartments, 1.7 full time employees, or 344 visitors of the restaurant or swimming pool (Figure 8). For the latter, we assumed each visitors uses the toilet once.





4. Discussion

Section 4.1 discusses the results related to the bidirectional energy synergies in more detail and in relation to other studies, identifies some of the research limitations, and makes suggestions for further study. Section 4.2 provides further discussion on the unidirectional flows of crops, water, and nutrients and makes suggestions for further studies on resource flows other than energy.


4.1. Energy synergies


4.1.1. Residual heat production by vertical farms

Within existing literature, two studies calculated the residual heat production by VFs. Graamans (2021) defined the annual residual heat production of a non-integrated VF of 1,037 kWh per m2 cultivation area during the 16 h photoperiod, and 64 kWh m−2 y−1 during the 8 h dark period. The LEDs used 973 kWh m−2 y−1, with a PPFD of 500 μmol m−2 s−1, a DLI of 28.8 mol m−2 d−1, and a molar efficacy of 3.0 μmol J−1. The non-integrated (baseline) VF studied in this paper produced 353 kWh m−2 y−1 of residual heat. The LEDs had a DLI of 11.5 mol m−2 d−1, and a molar efficacy of 3.5 μmol J−1. The electricity used for artificial light per m2 cultivation area is thereby 34% of the electricity used by LEDs in Graamans (2021). This explains the significant difference in heat production between both studies. According to Matysiak et al. (2022), the best performance in terms of quality and yield for lettuce production is achieved with a DLI of approximately 13.8 mol m−2 d−1, which is closer to that used in the current study. This study excluded the dark period from the research. The results of Graamans (2021), indicate a minimal increase of heat production when including dark period in the calculations. Martin et al. (2022) studied the direct integration of VFs within the energy system of an apartment building in Sweden, i.e., without seasonal energy storage. In total, 107 MWhth of heat was supplied to this apartment by a VF that uses 130 MWh y−1 for LED (DLI of 12.46 mol m−2 d−1), and 45 MWh y−1 for climate systems. This results in a heat production of 0.82 kWhth per kWh of electricity for LEDs in comparison to 1.2 kWhth per kWh of LED in this paper using strategy B1 (HP). Both VFs used a different baseline strategy for cooling and dehumidification. A study of different cooling and dehumidification strategies for VFs including energy use and residual heat production is needed to further increase the energy efficiency of VF integration with building energy systems. Such a study could also include water-cooled LEDs that diminishes heat dissipation into the VF by cooling the LEDs directly with water (Xiaoying et al., 2015). As the removal of latent heat requires air-cooled systems (Graamans, 2021) such a strategy would require both water- and air-cooled systems.



4.1.2. Building-integration energy savings

The results suggest that the bidirectional exchange of energy between a VF and a building can decrease total annual energy use of the climate systems collectively by between 12 and 51% when compared to the cumulative baseline approaches of both functions. This positive effect of energy synergies between urban agriculture and buildings was also found in previous studies that investigated energy exchange between rooftop greenhouses and buildings (Muñoz-Liesa et al., 2020, 2022; Jans-Singh et al., 2021; Ledesma et al., 2022). The energy synergy in this research was most effective when the building contrasted the VF in terms of energy demand. Therefore, the highest annual savings of 51% were achieved when creating synergy between the VF and the indoor swimming pool that requires heating year-round. For the same reason, supermarkets with year-round cooling demand and minimal heating demand did not benefit from this synergy (Section 3.1.1). This suggest that the use of residual heat from a VF within the energy systems of buildings offers most benefits within cold and temperate climates, and less for warm climates where buildings have minimal heating demands. This thought was confirmed by Graamans (2021) stating that the integration of VFs in urban energy systems has little value for locations dominated by cooling demands. This finding did not apply to the broader perspective of Muñoz-Liesa et al. (2022) and urban agriculture, which concluded that bidirectional energy exchanges between a rooftop greenhouse and office building in a warmer Mediterranean climate resulted in energy savings for heating and cooling both entities.

Buildings without continuous heating demands obtained year-round energy symbiosis with the VF by including an ATES system for seasonal heat and cold storage. The synergy between a VF and a BENG-label office, or a small A- or C-label office resulted in annual energy savings from the climate systems of 32, 33, and 34%, respectively, when using strategy E2 (HP + HP + ATES). For these functions, strategy E2 resulted in higher savings than for the direct integration with strategy B1 (HP), which reduced the energy for climate systems by between 27 and 32%. In addition to the energy used for climate systems, each m2 cultivation area of the VF used 334 kWh of electricity for LEDs. The floor areas of these offices heated by one m2 cultivation area were between 7.8 and 14.2 times larger for the integration of offices with ATES than without, resulting in relatively low electricity use for artificial light per m2 of office space for strategy E2. Integration strategy E2 also reduced the electricity use of the climate systems of the C-label apartments and restaurants by 21 and 27% respectively, in comparison to 16% for both functions when using strategy B1. Furthermore, one m2 cultivation area could heat 4.1 and 5.9 times more floor area of the C-label apartment and restaurant for E2 in comparison to B1.

Direct integration without seasonal storage also resulted in energy savings although the VF and building switched to their baseline strategies when there was no demand for heat; i.e., during warmer months. The year-round energy savings by the climate systems when using strategy B1 (HP) were 16–17% for the apartments, 26–27% for BENG- and A-label offices, 31–32% for C-label offices, and 16% for restaurants. The year-round savings were higher for BENG and A-label apartments when using integration strategy B1 than for strategy E2. However, the floor areas heated per one m2 cultivation area of the VF were about 3.7 times larger for strategy E2 than for B1.



4.1.3. Research limitations and suggestions for further study

The energy savings in this paper were calculated in comparison to the baseline energy use of the VF and building typologies: the sum of the energy used by the cooling and dehumidification systems of one m2 cultivation area of a VF, and the energy used by the baseline heating and cooling systems of the building’s floor area heated by of one layer cultivation area of the VF. These savings are sensitive to the choice of the replaced energy system (Martin et al., 2022). In this research, the baseline buildings used air-sourced HPs, while most existing buildings in the Netherlands are heated with natural gas. Such comparison would result in higher energy savings than calculated. The study did not include the energy used by the distribution pumps of the building’s heating system, and the production of DHW. The production of DHW would require an additional HP to produce water of 60°C, and would decrease the floor area of the building that can be heated with one m2 cultivation area. The symbiosis between the VF and building would, however, be improved as the residual heat could partly be used for DHW production in summer (Martin et al., 2022).

The floor areas of BENG-label apartments and offices that could be heated with one m2 cultivation area were significantly larger than that of the A-label equivalents (Figure 6). The energy demands of the BENG-labels were based on simulated data, whilst the A- and C-labels used empirical data from a real-world setting. The difference between actual and simulated energy is the energy-performance gap. In the Netherlands, the actual energy use is significantly higher than the simulated energy use for heating energy efficient residential buildings (Van Den Brom et al., 2018) and heating and cooling energy efficient office buildings (Sipma, 2019). This suggests that the indicated cultivation areas to heat BENG-labelled apartments and offices would be higher in a real-world setting.

The results indicated that the integration of a VF and ATES system (E2) was not possible for larger A- and C-label offices as their HPs produced enough heat for winter by cooling the office in summer. The integration of a VF would thus result in an abundance of heat in the ATES system. However, no specific data were available on the cooling demands of offices in the Netherlands, and they were approximated by appointing 17% of the electricity use to the cooling installations with a COP of 4 (KWA, 2016). This indicates that the appropriateness to integrate VFs with offices and ATES should be considered for each office specifically. Besides building energy patterns, the integration with ATES may not be possible as a result of underground characteristics or project budgets.

To maximise transferability of the results, we focused on the inputs and outputs of one m2 cultivation area of a VF, i.e., one m2 of one production layer of the VF. To date, it is not possible to define a typical VF layout as many different approaches of food production exist, e.g., growth method, number of growth layers, cultivation height, and automation. If a certain food production system within the VF is selected this will have a big impact on the overall floor areas required within the building as a result of production efficiency and the overall number of cultivation layers. To increase replicability of the research for other VF configurations, the Supplementary material provide a step-by-step description of the different calculations made to support the dataset provided in the data availability statement.




4.2. Crop, water, and nutrient flows

The results presented that each m2 cultivation area of the VF can produce sufficient lettuce to fulfil the vegetable demands of 0.9 residents, 1.4 office employees, or 315 restaurant visitors (Figure 7). This indicates that an abundance of crops may be produced when sizing the VF to according to the building’s heat demands. The yields were calculated using a light use efficiency of 19 g fresh weight lettuce per mol of incident light. Carotti et al. (2021) noted a light use efficiency of 44 g fresh weight per mol within a lettuce producing VF. This light use efficiency increases the yields from 78.8 to 185 kg fresh weight m−2 y−1 and reduces cultivation area to produce 1 kg fresh weight lettuce by 43%. In that case, food should partially be sold when the goal is to supply the building with heat from the VF. In this study, the VF only produces lettuce, whilst an assorted range of vegetables is required to provide a healthy diet. The production of various vegetables would affect the quantity of fresh weight and heat produced as each crop has its specific requirements, e.g., temperature, RH, PPFD, photoperiod, and growth density.

The VF used water highly efficiently due to the reuse of water vapour from dehumidification. This could be further improved by replacing tap water inputs with the filtered grey water outputs of apartments, restaurants and swimming pools. Figure 8 indicates that the annual grey water outputs of 0.004 residents, or the water outputs of 10 restaurants visitors or 1 swimming pool visitor collectively are sufficient to supply the water demands of the VF. This suggest that when sizing a VF according to the heat or vegetable demands of the building, large quantities of grey water will remain unused. Evapotranspiration of crops could be used to purify grey water or rainwater (Kalantari et al., 2017). Reusing this filtered water within the building could reduce tap water inputs and grey water outputs of the building. Nutrient recovery from urine to replace synthetic fertilisers in the VF is less effective than water reuse, but offers a significant potential to reduce inputs from external sources in the VF.

Other resource flows might be explored to further increase symbiosis between the VF and building. Human respiration is the main source of indoor CO2. CO2-levels can reach up to 2,500 ppm in office building depending on the ventilation rate (Shao et al., 2021). Studies presented that the CO2-levels of rooftop greenhouses can be increased by reusing the ventilation exhaust air of offices (Sanjuan-Delmás et al., 2018) or classrooms (Ledesma et al., 2022). This could effectively replace the need for pressurised CO2 in VFs in a sustainable matter. However, the closed-box environment of the VF adds another level of complexity as the growth conditions should remain uniform and independent from the building and outdoor climate. Furthermore, the integration of VFs within urban areas will unlock an array of future synergies as a wider range of resources in higher quantities will be available. Finally, further research is required to better understand the potential of bidirectional energy flows, and unidirectional water and nutrient flows, to reduce the environmental impacts of VFs and buildings. Besides the resource savings, this study should include the impacts related to the technical systems and infrastructure required for these resource exchanges.




5. Conclusion

This research showed that the bidirectional exchange of thermal energy between VFs and buildings can reduce the total combined energy use of both entities. Furthermore, it indicates that the VF’s inputs of water and nutrients from external sources can be diminished by using waste flows from the building, whilst the crops produced within the VF can provide vegetables to the building users. If the goal of the integration is to provide all heating demands of the building by the residual heat produced within the VF, the energy used by the climate systems of both entities could be reduced by between 12 and 51%. When sizing the VF to produce all heating demands of an apartment with a floor area of between 75 and 100 m2, the water and nutrient requirements of the VF can be fully supplied by the waste outputs of one or more resident(s). The VF will produce all vegetables consumed by these residents. These findings apply to energy labels BENG, A, and C when using a HP as direct integration strategy, or two HPs in combination with seasonal thermal energy storage. The cultivation area required to heat a certain size office (of any energy label) using the integration strategy with two HPs and ATES is too small to provide all vegetables for the lunches of the employees, but ample nutrients will be produced to sustain the VF. When using a HP for direct integration, sufficient food will be produced, however, too little employees will be available to produce for the nutrient inputs, and the electricity use for the climate systems and LEDs will increase significantly. In all situations, not enough grey water is produced by the offices to sustain the VF. The restaurant and swimming pool will supply the water inputs of the VF, when the latter is sized to according to the building’s heat demands. Replacing all synthetic fertilisers will be challenging for these integrations. Finally, the exchange of resources between the VF and supermarket is limited to the production of lettuce for the supermarket.

The results of this study provide a first step in quantifying the potential energy savings and resource synergies between VFs and buildings. Further research is required to investigate the influences of other baseline strategies to heat, cool, and dehumidify the VF, inclusion of DHW demands, the production of an assorted range of vegetables, and to study other potential synergies between VF and buildings. Although there are many variables and potential implications of the different strategies and approaches that have been investigated, this research shows that the integration of VF in an array of different buildings with different functions offers a great potential to reduce the environmental impacts of both VFs and buildings, whilst producing food within cities.
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strategy m? VF baseline synergy (%) baseline  synergy (%)
(m?m= (kWhm=2  (kWh m™ (kWh (m?m=
VF) VF) VF) m~2VF) VF)
Apartment BENG-label P (B1) a1 76 55 2 126 105 17
HP + HP + ATES (E2) 156 - - - 244 216 12
Apartment A-label HP (B1) 30 76 55 2 126 105 17
HP + HP + ATES (E2) n2 - - - 29 210 2
Apartment C-label HP (B1) 28 126 98 2 177 149 16
HP + HP+ ATES (E2) 4 - - - 462 363 2
Small office BENG-label  HP (B1) 11 97 55 44 155 15 27
HP + HP + ATES (E2) 863 - - - 633 33 2
Small office A-label HP (B1) 27 97 55 44 156 3 27
HP+ HP+ ATES (E2) 248 - - - 749 501 »
Small office C-label HP (B1) 29 172 98 a3 231 157 32
HP + HP+ ATES (E2) 4Ll - - - 2139 1399 34
Large office BENG-label ~ HP (B1) 74 97 55 4 15 13 27
HP + HP + ATES (E2) 57.7 - - - 637 436 )
Large office A-label HP (B1) 37 97 44 44 161 1y 2%
Large office C-label HP (B1) 37 172 98 ) 26 162 31
Restaurant HP (B1) 09 76 55 23 131 110 16
HP + HP + ATES (E2) 53 - - - 370 270 27
Indoor swimming ool HE (A1) 0.2 159 79 51 159 79 51
HP (B1) 0.2 165 108 35 164 108 35
Outdoor swimming pool  HE (A1) 10% 62 3 47 m 82 27
HP (B1) 1% 65 45 30 14 94 17
Supermarket - - - - - - = -

*Area of swimming pool represented per m’ water surface.
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