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• Energy-use models for agro-industrial 
symbioses are proposed.

• Feasibility criteria and ranges for sym
biosis microclimate are identified.

• Key operating indices are fitted against 
symbiosis design parameters.

• The data center repurposes 2-13% of the 
electric input as heat.
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A B S T R A C T

This paper evaluates how the design and resource use of an air-cooled data center-to-greenhouse en
ergy symbiosis, operating in Swedish conditions, is affected by the desired microclimate criteria within 
the facilities. The necessary data center power, electricity use, heat reuse, water use, and air changes 
were evaluated by using analytical solutions and constrained, nonlinear optimization modeling of the 
heat and mass transfers in MATLAB. An analytical design expression is presented, which returns the 
minimum data center power per unit greenhouse area, as well as a fitted model to predict the energy 
reuse. By evaluating multiple design/operation cases for four locations in Sweden, the design data 
center power per unit greenhouse area was estimated as 0.40-10 kW⋅m− 2, with an energy reuse factor 
index of 0.02-0.13 and a water use effectiveness of 5⋅10− 5-0.22 L⋅kWh− 1. Warmer climates together 
with proper microclimate matches (both in terms of temperature and specific humidity between the 
facilities) required substantially smaller data centers and produced significantly higher energy reuse 
factors. Poor matches between the data center and greenhouse microclimates could increase the 
greenhouse heat demand by over 1000 kWh⋅m− 2⋅year− 1 due to excessive need for humidification.
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Nomenclature
Variables Definition Unit

A Area m2

A Linear combinations -
B Linear combinations -
c Coefficient -
cp Specific heat capacity J⋅kg− 1 K− 1

C Design factor -
C Linear combinations -
ERF Energy reuse factor -
h Specific enthalpy J⋅kg− 1

i Index -
I Total specific incident radiation W⋅m− 2

I0 Specific solar radiation W⋅m− 2

M Molar mass kg⋅kmol− 1

n Number of data points -
N Number of air changes h− 1

p Pressure Pa
p0 Standard atmospheric pressure Pa
P Specific sensible heat flux W⋅m− 2

PUE Power use efficiency -
Q Specific energy kWh⋅m− 2⋅year− 1

RH Relative humidity -
SFP Specific fan power W⋅m− 3

t Time seconds, hours
T Temperature K, ◦C
U Heat transfer coefficient W⋅m− 2 K− 1

V Volume m3

VPD Vapor pressure deficit Pa
W Width m
WUE Water use effectiveness L⋅kWh− 1, kgH2O⋅kWh− 1

x Specific humidity kgH2O⋅kg− 1, gH2O⋅kg− 1

x Variable vector -
Z Standard score -
α Transpiration coefficient kgH2O⋅J− 1

β Transpiration coefficient kgH2O⋅Pa− 1

Δ Difference -
η Fan efficiency -
Λ Heat of evaporation J⋅kg− 1

Σ Sum -
τ Transmission coefficient -
ϕ Specific air flow kg⋅m− 2 s− 1

Φ Specific water flow kgH2O⋅m− 2 s− 1

χ Data point -
χ̂ Prediction of data -
χ Mean of data -

Sub- and superscripts Definition

amb Ambient
C Design factor
dc Data center
e Envelope
E Evapotranspiration
fan Fan
floor Floor
gh Greenhouse
glaze Glazing
H2O Water
opt Optimization model
ref Reference
reuse Reused heat
sat Saturation
tot Total
* Air-side economizer

Abbreviations Definition

ACH Air changes per hour
CO2 Carbon dioxide
DC Data center
GH Greenhouse
IT Information technology
PE Polyethylene

(continued on next page)
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(continued )

Abbreviations Definition

RRMSE Relative root-mean-square error
NRMSE Normalized root-mean-square error

1. Introduction

The north of Sweden has a low degree of self-sufficiency in food production, meaning the region relies heavily on imported food to 
sustain itself [1]. This includes the cultivation of tender crops as the domestic greenhouse vegetable production is primarily 
concentrated in the south of the country [2]. Harsh climate can be blamed, as it is challenging to operate greenhouses (GH) during the 
cold, northern winter due to high heating costs. To stimulate the growth of greenhouse food production in the north, it is essential to 
find affordable heat sources.

However, the cold climate does attract other industrial actors, especially those with high cooling demands, such as the IT industry. 
Sweden has seen a significant increase in installed data center (DC) capacity which has been predicted to reach 914 MW in 2025 [3], 
while the energy use could approach 3.4-3.9 TWh in 2030 [4]. Because of their high demand for cooling, data centers are known for 
significant excess of low temperature heat, generated by their processing units [5]. The exhaust temperature of an air-cooled data 
center is typically 30-40 ◦C [6]. The challenge is to establish a use for this low-value waste heat. A possible one is found within the 
intersection of the horticulture- and IT-industry, where waste heat is used for space heating in greenhouses [7], in a so-called 
agro-industrial symbiosis [8].

This symbiosis, however, must take the microclimates within each facility into account and harmonize them in some way. To 
efficiently run a data center, ASHRAE [9] provides temperature and humidity recommendations which are meant to uphold acceptable 
microclimate conditions to protect the IT-equipment. For example, dry conditions are associated with risks of static discharge within 
the data center [10]. In Sweden, when winter temperatures drop below the freezing point, ambient air cannot hold much water. For 
example, below − 20 ◦C the vapor pressure can easily drop under 100 Pa, which is much lower than any of the vapor pressure 
thresholds historically recommended by ASHRAE. This makes extra humidification essential in air-cooled DCs to uphold an acceptable 
humidity. Over the years ASHRAE has been able to loosen the recommended criteria [11]. While these relaxed criteria can offer 
benefits, like lowering operational costs [12], they also allow for exhaust air that can be much drier than what is expected in a 
greenhouse. For such a symbiosis structure, this could potentially pose a problem when trying to maintain the desired humidity 
conditions of the greenhouse microclimate.

Within horticulture, a relative humidity (RH) of between 60 and 90% is considered appropriate for most applications [13], but the 
preferred metric is the vapor pressure deficit (VPD). The VPD is the difference between the saturation pressure and the actual vapor 
pressure. The VPD significantly affects the driving forces behind plant transpiration [13,14]. A high VPD (meaning low humidity) is 
linked to high transpiration rates which can result in rapid dehydration, stunted growth, and senescence of the crop [15,16]. Effective 
humidity control, by lowering the VPD, has been shown to enhance tomato growth and increase photosynthesis [17]. Therefore, the 
VPD is considered one of the most crucial microclimate properties that need to be maintained within the cultivation system.

Previous studies have been focusing on the annual energy transfer between the two facilities, paying little attention to their 
microclimate quality, which could be negatively affected by an ill-designed heat transfer and humidification system. Ljungqvist et al. 
[18] evaluated the potential for establishing air heated DC-GH symbioses in northern Sweden. They estimated that 30.3% of the DC 
annual electricity input could be reused as heat, although their data center and greenhouse models did not interact. This means they 
did not account for the effects on the indoor climate, by introducing heated outdoor air. Karnama et al. [19] and Leppänen et al. [20] 
deemed waste heat from data centers suitable for greenhouse space heating purposes. However, their assessments were based on the 
heating potential of DC's exhaust temperatures, without considering what consequences the air would have on the greenhouse 
microclimate. Du et al. [21] modeled the residual heat from a data center and compared it to the heat load of a greenhouse to find the 
optimal relationship of collected waste heat, carbon emission reduction, and operation cost, yet the study did not include whether 
there was any impact on the microclimate qualities. Ramos Cáceres et al. [22] evaluated the potential for establishing 
DC-GH-symbioses in subarctic climates and found a minimum DC power of 659 W⋅m− 2 for their linear heat transfer model. However, 
this was without any attempt to humidify the air and as a result they found that it caused the greenhouse to become very dry in the 
winter. As water requires heat to evaporate, this heat demand must be countered by additional heat from the data center, which in turn 
would require more air to pass through, causing further dehumidification.

Given the limited coverage within the literature, the dynamic of a DC-GH symbiosis structure which fulfills the microclimate 
criteria of the data center and greenhouse, and the subsequent effect on the scalability of the symbiosis are therefore not well un
derstood. Furthermore, the contemporary models for dimensioning DC-GH symbioses consist of dynamic simulations and optimization 
algorithms, which can be complicated and time-consuming to construct. Therefore, this work aims to simplify the design approach.

This paper aims to reduce the knowledge gaps for establishing future symbiosis structures that respect the necessary air quality 
within each facility. It will study the scalability of a DC-GH symbiosis using different operational conditions in a dry and cold climate 
reflecting that of Sweden. Analytical solutions and constrained optimization modeling of the thermal processes between a greenhouse 
and a data center are employed to produce an expression describing the scaling of the DC-GH symbiosis. Furthermore, the resource 
efficiency of heat and water will be evaluated given assorted designs and operational conditions, using established metrics, and 
infeasibility regions for the symbiosis will be identified.
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2. Microclimate constraints

ASHRAE [9] data center thermal guidelines set the following limits to the cold aisle temperature and vapor pressure for a suitable 
microclimate in all classes of air-cooled data centers 

T*min
dc ≤T*

dc ≤ T*max
dc (1) 

pmin
dc ≤pdc ≤ pmax

dc (2) 

and a maximum relative humidity 

RHdc =
pdc

psat
(
T*

dc

) ≤ RHmax
dc (3) 

where the data center envelope (i.e. the quality of the air entering the IT equipment space) is recommended to have a minimum 
temperature T*min

dc = 18 ◦C and maximum temperature T*max
dc = 27 ◦C and a vapor pressure limits corresponding to the minimum dew 

point pressure pmin
dc = psat (− 9 ◦C) and maximum dew point pressure pmin

dc = psat (15 ◦C). The limit for the relative humidity depends on 
corrosion potential of the data center air. If the risk of corrosion is considered mild, the relative humidity can be allowed to increase to 
RHmax

dc ≤ 70%, otherwise the relative humidity should be kept at RHmax
dc ≤ 50%.

The temperature constraints inside the greenhouse were defined as 

Tmin
gh ≤Tgh ≤ Tmax

gh (4) 

and same for the vapor pressure deficit 

VPDmin
gh ≤VPDgh ≤ VPDmax

gh (5) 

where Tmin
gh and Tmax

gh are the minimum and maximum allowed GH temperatures and VPDmin
gh and VPDmax

gh are the minimum and 
maximum allowed VPD in the GH. Typical ranges for the temperature found in a GH are 15-30 ◦C [23]. In principle, if the DC exhaust 
can maintain a higher temperature than the setpoint in the GH, it can be used as a heat source. However, the humidity aspects must also 
be considered because the stream from the DC might not carry enough water to satisfy the GH microclimate criteria.

This study will use humidity ranges between what can be considered the "normal" regions which correspond to 450 Pa ≤ VPDgh ≤

1250 Pa, and the "optimal" regime of 800 Pa ≤ VPDgh ≤ 900 Pa [23]. The temperature and humidity regimes (converted to specific 
humidity basis, for easier comparison) are visualized in Fig. 1, where there is an overlap between the recommended data center and 
greenhouse criteria. However, there are also sections where the data center envelope falls outside of what is suitable for a greenhouse, 
such as its minimum vapor pressure criteria. Assuming these were the conditions in the data center, additional humidification would 
then be required inside the greenhouse to raise the specific humidity of the incoming data center air to acceptable levels. The humidity 
metrics used in this study are found in Appendix A.

3. The symbiosis model

This section will cover the setups of the symbiosis model to find the smallest necessary DC power as well as estimate the resource 

Fig. 1. Diagram of the recommended microclimate regimes for data centers [9] and the normal and optimal VPD regimes for agricultural products 
[23]. Psychrometry chart is adapted from Ref. [24].
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efficiency and reuse. These setups will be given different humidification strategies which are meant to imitate the stakeholder's ability 
or willingness to accommodate the symbiosis humidity needs. This study will evaluate a type of symbiosis that cascades data center 
exhaust air for space heating in greenhouses.

3.1. Reference symbiosis structure

The symbiosis model was partially designed around a reference DC-GH symbiosis located in Boden (65.82
◦

N 21.70
◦

E), a northern 
Swedish town. This experimental symbiosis structure acts as a proof-of-concept of data center heated greenhouses in subarctic cli
mates. The data center is a 0.5 MW facility where the server racks are placed inside a shipping container-like structure [25]. Compared 
to the capacity of other data centers in Sweden, this can be considered mid-range (0.3-1 MW) [4]. A 300 m2 greenhouse is located 
directly adjacent to the data center. Exhaust air from the data center is supplied through ducts, within the greenhouse, and distributed 
through perforated channels below the cultivation tables.

This DC uses direct free cooling; a method which allows outdoor air to directly flow over the processing units to cool them. As the 
air removes heat from the IT equipment, it increases in temperature before being exhausted out of the DC. This DC supplies exhaust air 
to the greenhouse, at temperatures of about 35-55 ◦C. There is no humidity control within the data center.

The greenhouse envelope is composed of a 0.8 m filled concrete knee wall and glazing of double layer polyethylene sheets (PE). 
Double layered PE has an estimated heat transfer coefficient Uglaze = 4.0 W⋅me

− 2 K− 1 and a light transmission coefficient τ = 0.85 [26]. 
The average heat transfer coefficient for the entire greenhouse was estimated as Ū = 2.73 W⋅me

− 2 K− 1, accounting for knee wall 
insulation and concrete floor. The ratio of the above-grade envelope-to-floor area was estimated as 2.3 me

2⋅ m− 2, the ratio of the total 
envelope area is 3.3 mtot

2 ⋅ m− 2 and the ratio of the air volume-to-floor area was estimated as 5.3 m3 m− 2. A more detailed description of 
the greenhouse structure and dimensions are given in the supplementary materials.

Outdoor air is supplied, to the greenhouse, by forced convection via fans, for cooling purposes during summer. The temperature 
setpoint is kept between 19 and 22 ◦C. Artificial lighting (LED lights) is used between 07:00-23:00 during the winter season and 01:00- 
06:00 during summer season. The specific lighting power amounts to about 57.7 W⋅m− 2. Like sunlight, the artificial light contributes to 
crop transpiration. An interpretation by Katzin et al. [27], allows the total electric energy to be partially converted into photosyn
thetically active radiation (PAR) and near infrared radiation (NIR), at about 31% and 2% of the electric input, respectively. The total 
radiation associated with transpiration becomes the sum of transmitted solar radiation and the PAR- and NIR-light from the lamps. 
More details about the greenhouse processes are found in Appendix B.

3.2. The heat and mass transfer

Fig. 2 shows a spatial schematic of the modeled symbiosis. The model is divided into subsystems, where the used resources (heat, 
power, and water) are designated to their respective system boundaries. For these models, the heat transfer method involved intro
ducing air from a data center directly into a greenhouse space. Outdoor air is allowed to flow into the data center (fan 1), where the IT 
equipment transfers its installed power as heat directly into the air. This air flow can either be diverted into the greenhouse (fan 3), 
returned to an air-side economizer or be exhausted into the ambient (fan 2). In the economizer, air from the hot aisle is recirculated to 
mix with the outdoor air to maintain the temperature criteria during cold days. The greenhouse uses ambient air flow for cooling and 
ventilation (fan 4). The mass flows are then exhausted out of the greenhouse (fan 5).

An important detail about each heat and mass flow is that they are all normalized over the greenhouse area. Here, these normalized 
flows will be referred to as specific flows. The specific air flow ϕ1 is the DC air diverted into the greenhouse and ϕ4 is the DC air 
exhausted into the ambient, making ϕ1 + ϕ4 the total air intake of the data center. The specific air flow ϕ2 denotes DC air that is being 
recirculated into the air side economizer to heat up the ambient air to appropriate temperatures. The specific water flow Φhum

dc describes 
the water added to the economizer air while Φhum

gh describes the water added to the GH air. The specific air flow ϕ3 is the ambient air 
directed into the greenhouse for ventilation. An additional heat source is given to the greenhouse that acts as an auxiliary heating unit 
and is only used when necessary. This heating unit exchanges heat ideally with ϕ5 and does not add air or water to the greenhouse. This 

Fig. 2. Spatial diagram of the symbiosis. Air flows are denoted by black solid lines, water by blue dashed lines and sensible heat inputs by red 
dotted lines.
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circuit description, and following balance equations, are adapted from the work by Ramos Cáceres et al. [22], with some modifications. 
For humidity control, the data centers economizer is equipped with an adiabatic evaporative humidification process, increasing the 
humidity of the air and lowering its temperature. The greenhouse will have the opportunity to humidify its own air using a similar 
evaporative humidification process. Additionally, the greenhouse process model was modified by replacing its heating and ventilation 
system (process-based boiler and windows functions) with the new system designs (DC exhaust air, the additional heat source and 
forced convection in the form of decision variables). The energy balance over the data center can then be written as 

Pdc +(ϕ1 +ϕ4) ⋅ hamb +ϕ2 ⋅ hdc − Λ ⋅ Φhum
dc =(ϕ1 +ϕ2 +ϕ4) ⋅ hdc (6) 

where the specific enthalpies are 

Δhi = cp,i ⋅ ΔTi (7) 

The following energy balance can be stated for the air-side economizer 

(ϕ1 +ϕ4) ⋅ hamb +ϕ2 ⋅ hdc − Λ ⋅ Φhum
dc =(ϕ1 +ϕ2 +ϕ4) ⋅ h*

dc (8) 

and the humidity balance of the data center becomes 

(ϕ1 +ϕ4) ⋅ xamb +ϕ2 ⋅ xdc +Φhum
dc =(ϕ1 +ϕ2 +ϕ4) ⋅ xdc (9) 

The energy balance of the greenhouse is 
∑

Pgh +ϕ1 ⋅ hdc +ϕ3 ⋅ hamb − Λ ⋅ Φhum
gh − Λ ⋅

∑
Φgh +ϕ5 ⋅ haux =(ϕ1 +ϕ3) ⋅ hgh (10) 

and the humidity balance equation for the greenhouse is 
∑

Φgh +ϕ1 ⋅ xamb +ϕ3 ⋅ xdc +Φhum
gh =(ϕ1 +ϕ3) ⋅ xgh (11) 

To effectively cool a greenhouse, the ambient air flow must be sufficiently high. It is generally agreed that an air change rate of one 
to two air change per minute (60 to 120 ACH) is necessary for ventilation during summer (during high outdoor temperature and solar 
radiation) [28,29]. Two air changes per minute were chosen as a constraint for the ventilation flow ϕ3 and was expressed as 

ϕ3 ≤
V

Afloor
⋅

N ⋅ ρ
3600

(12) 

where the number of air changes per hour N = 120. There is one inlet fan and two outlet fans for the data center and two inlet fans and 
one outlet fan for the greenhouse. The specific fan energy, by area basis, is related to a specific fan power SFP by volume flow basis 
[30]. This formulation is an approximation and assumes constant fan efficiency, η = 0.63. The specific fan energy, is described as 

Qfan = SFP ⋅
∑(

ϕ1,j ⋅ ti
)

3600 ⋅ ρ =
Δp
η ⋅

∑(
ϕ1,j ⋅ ti

)

3600 ⋅ ρ . (13) 

The fans are numbered 1 to 5, and the supplementary materials present the pressure losses Δp that are considered for each indi
vidual fan.

3.3. Data center metrics

The energy reuse factor (ERF) is a data center performance indicator that measures the energy reused for purposes outside the data 
center's boundary [30]. It is defined as the ratio of the annual reused energy and the total annual energy used (IT + overhead) by the 
data center, here assumed to be that of the IT equipment and fans 

ERF=
Reused energy

Total energy usage
=

∑(
ϕ1,i ⋅ cp ⋅

(
Tdc − Tgh,i

)
⋅ ti

)

Pdc ⋅
∑

ti +
∑(

SFP ⋅
(
ϕ1,i+ϕ2,i+ϕ4,i

)
⋅ ti

) (14) 

The ERF is usually used in conjunction with the power use efficiency (PUE), which describes the ratio of the total energy use of the 
data center and the energy used by the IT equipment 

PUE=
Total energy usage

IT equipment energy
=

Pdc ⋅
∑

ti +
∑(

SFP ⋅
(
ϕ1,i+ϕ2,i+ϕ4,i

)
⋅ ti

)

Pdc ⋅
∑

ti
(15) 

Water usage effectiveness (WUE) is a measure of the annual water usage within a data center per energy unit used by the IT 
equipment [31]. Water use is a complex topic, where the site- and source-based water use could be considered [31]. For a more 
complete assessment, source-based water use is important to include, to find the total WUE. However, for this study, only site-based 
WUE is evaluated. The lower the WUE is, the more efficient the data center is with its water use. It is defined as the ratio of the annual 
water use and the total annual energy used by the IT equipment 
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WUE=
Annual site water usage

IT equipment energy
=

∑(
Φhum

dc,i ⋅ ti
)

Pdc ⋅
∑

ti
(16) 

3.4. An analytic solution for data center power

To design the data center for the symbiosis an analytic solution was derived. The minimum value for the data center power is 
assumed to be found when the entire cooling demand of the data center is used for heating the greenhouse. This would occur when 
ϕ4 = 0, meaning no DC air is wasted. Additionally, since the greenhouse is in demand of heating it is assumed that the ventilation flow 
ϕ3 = 0. Since the primary heat source is supposed to be the data center, the auxiliary heater is assumed off. With these assumptions, 
equations (6)–(11) were rearranged (Appendix C) into the following design expression for the minimal specific DC power 

Pdc = −
∑

Pgh ⋅ C (17) 

where Pdc is proportional to the sensible heat processes 
∑

Pgh by the dimensionless design factor 

C=
cp ⋅ (Tdc − Tamb) + Λ ⋅ (xdc − xamb)

cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

) (18) 

which is dependent only on the differences between operational microclimate conditions inside the data center and greenhouse. It 
is assumed that the temperatures Tdc ≥ Tgh ≥ Tamb and specific humidities xgh ≥ xdc ≥ xamb. The specific heat capacity and heat of 
evaporation are temperature dependent and are applied using the average temperatures of the differences. By employing the 
appropriate microclimate setpoints for both facilities and deciding on an outdoor design temperature and specific humidity, equation 
(17) returns the actual capacity that needs to be present in the data center to heat a square meter of a greenhouse while equation (18) 
provides the relative size of the data center in terms of installed power compared to the greenhouse sensible heat demand (i.e. how 
many kW electric power you need per kW heat demand). Furthermore, if the greenhouses’ sensible heat demand at the outdoor design 
temperature is known (for example, conduction losses), equation (18) returns the DC power, in absolute terms, necessary to uphold the 
microclimate setpoints. Note that 

∑
Pgh is negative when the greenhouse experiences heat loss, which results in positive DC power.

Observe also that the denominator cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

)
could become zero, driving the DC power towards infinity. This 

would imply that there is as much evaporative cooling loss as heat gained from the data center, rendering the symbiosis non- 
functioning. In turn, there could exist regimes where it is impossible to meet the microclimate criteria.

3.5. Designing the symbioses and choosing operational constraints

To observe energy use, water use, ERF, PUE, and WUE for a broad range of symbioses, different designs of the data center were 
constructed, and operational strategies were chosen. In the following section, distinctions between design conditions and operational 
constraints are made. The operational constraints are the conditions and setpoint that the data center and greenhouse aim for during 
operation and correspond to the microclimate constraints used during annual simulations. The design conditions are the temperature 
and specific humidity inputs for equations (17) and (18), which decide the specific DC power, and are chosen such that we ensure that 
the heat content in the data center is enough to fulfill the purpose of heating the greenhouse to its operational setpoints, even during 
the “worst” ambient and DC conditions. These conditions correspond to the coldest and driest ambient conditions, in the chosen 
location, and the lower expected values for the DC temperature and vapor pressure. The worst DC conditions were chosen to be in the 
lower temperature range of Tdc = 35 ◦C and vapor pressure pdc = psat(− 9 ◦C).

Four locations in Sweden were selected for the scenario analysis: Kiruna, Luleå, Stockholm and Malmö. The wide geographic 
distribution of these locations was important to capture a reasonable design and resource efficiency profile for the country. The design 
conditions for the outdoors were based on the annual heating and humidification conditions for each city, provided by ASHRAE [32]. 
These include an outdoor design temperature and specific humidity. The outdoor conditions are expected to be above the design inputs 
for 99.6% of the hours in a year.

Three different temperature and humidity setpoints were chosen for the greenhouse designs. The greenhouse designs setpoint for 
the temperatures in the range from 15 to 20 ◦C and the designs setpoint for the VPD in the range from 1250 to 900 Pa, which cor
responds to the lower-to-mid range of the common greenhouse temperatures and normal-to-optimal range for the VPD [23] (please 
note that the VPD is converted to specific humidity using equations A.2 and A.5). The average U-value of the greenhouse was 
calculated using the same structures and area ratios as in the reference case, only with changes to the U-value of the glazing. Three 
different U-values for the glazing were chosen to estimate different sensible heat demands. These were 2.8, 3.2 and 4.0 W⋅me

− 2 K− 1, 
which corresponds to common glazing materials [26]. Because the greenhouse is assumed to receive high flow rates while being 
heated, creating overpressure inside the building, loss factors such as infiltration are assumed to be eliminated. As the design phase 
assumes extreme cases, there is no influence of sunlight or artificial lighting at the design stage. This leaves the conduction losses as the 
only input for the sensible heat demand during the design phase.

Table 1 summarizes the input combinations of the designs. The specific humidity for the greenhouse is not listed, but the VPD was 
converted to a specific humidity value given the saturation pressure at the setpoint temperatures.

During operation, the data centers IT-equipment were assumed to have a constant electrical power demand, which is a common 
feature for mining data centers [33]. This constant power demand corresponds to the value of the specific DC power produced by 
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equation (17), for each design case. Still, the exhaust temperature and humidity may vary with variations in economizer temperature, 
humidification rate, and air flow. During the design phase we accounted for the greenhouse's needs when the data center is at its 
coldest and dryest conditions, although this might not necessarily correspond to the average operational microclimate in the data 
center.

To estimate the exhaust airs effect on the ERF and WUE, annual simulations were done using constant DC exhaust temperatures 
ranging from 35 to 55 ◦C, with increments of 10 ◦C. These were interpreted as annual averages of the exhaust temperature. Likewise, 
the target humidity in data centers is generally higher than the minimum recommendations. A common relative humidity threshold is 
40% [34–36]. To estimate the DC exhaust humidity effect on the ERF and WUE, annual simulations were done using incremental 
increase of the lower DC humidity constraints, from pdc = psat(− 9 ◦C), to RH(T*

dc) ≥ 20% and RH(T*
dc) ≥ 40%. The upper vapor pressure 

and RH constraints for the data center remain the same regardless of the lower constraints and are as described in section 2. As the 
model does not consider actions to dehumidify the air when ambient conditions are humid, the DCs are allowed to temporarily exceed 
the upper constraints if the outdoor conditions surpass them.

The greenhouse operational constraints correspond to the same temperature used in their corresponding design phase, with an 
upper temperature constraint of 30 ◦C. The greenhouse also operates with the same upper VPD value chosen in their design phase, with 
a lower VPD constraint matching the normal VPD ranges for greenhouses. Table 2 provides a summary of the operational conditions 
and setpoints for the data center and greenhouse.

Historic, hourly values for the outdoor temperature, relative humidity, and solar radiation were retrieved from the closest active 
weather stations of Kiruna, Luleå, Stockholm and Malmö during 2023, and were used as input in the annual simulations. This open- 
source data was supplied by the Swedish meteorological and hydrological institute (hourly values that were missing in the data sets 
were reconstructed as the average of the closest preceding and subsequent hourly values) [37].

3.6. Scenario analysis

To retrieve the annual GH metrics (energy reuse, water use, auxiliary heating needs, and fan work) and annual DC metrics (ERF, 
PUE, and WUE) for each design and operational case, full-year simulations were made.

It would be easy to artificially inflate the heat reuse if there is excessive dilution of the DC heat through ventilation and humid
ification. To avoid this, and to get performance indicators that suggest minimal unnecessary heating and water use, the following 
optimization problem was constructed 

Minimize κ1 ⋅ Tgh + κ2 ⋅ ϕ1 + κ3 ⋅ ϕ5 +
(

Φhum
gh + Φhum

dc

)

subject to Eq. (1) − (5) and (6) − (12)(19)
x ≥ 0

(19) 

where the decision variables were 

x=
[
ϕ1,ϕ2,ϕ3,ϕ4,ϕ5,Φ

hum
gh ,Φhum

dc ,Tgh, pgh,T*
dc, pdc

]T
(20) 

The physical meaning of the objective function is actually a ranking of priorities in the symbiosis operation, which is reflected by 
the values of the coefficients assigned to the different terms of its expression. The highest priority is to avoid auxiliary heating (ϕ5 is the 
air flow to it), so that κ3 is assigned a large value working as a penalty coefficient. The second priority is to reduce the amount of 
evaporated water (Φhum

gh + Φhum
dc ). Third, the air flow ϕ1 (heat carrier from DC to GH) should avoid unnecessary use, with κ2 set on the 

order of 0.1. Lastly, Tgh is to be maintained close to its setpoint, but with the lowest priority (κ1 on the order of 0.001).

Table 1 
Design input summary.

Ambient [32]

Kiruna Luleå Stockholm Malmö

Tamb 
◦C

xamb 

kgH2O⋅kgair
− 1

Tamb 
◦C

xamb 

kgH2O⋅kgair
− 1

Tamb 
◦C

xamb 

kgH2O⋅kgair
− 1

Tamb 
◦C

xamb 

kgH2O⋅kgair
− 1

− 28.5 0.0002 − 26.0 0.0003 − 12.2 0.0011 − 8.8 0.0013

Thermal characteristics

Tdc 
◦C

xdc 

kgH2O⋅kgair
− 1

Tgh 
◦C

VPDgh 

Pa
Ū (Uglaze) 
W⋅mtot

− 2 K− 1

35 0.0019 15 1250 2.02 (2.8)
35 0.0019 17.5 1075 2.24 (3.2)
35 0.0019 20 900 2.74 (4.0)
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3.7. The solver and simulation approach

The chosen solver was MATLAB's fmincon solver. Fig. 3 presents a model flowchart. The model consists of a set of nested loops 
which iterates between combinations of design input and operational constraints. It begins at the input stage, where the location of the 
symbiosis is determined and weather data for that location is loaded. Then, the design inputs, operational constraints, initial guess, and 
objective function are determined. Next, the model enters the main iterative loop, which simulates each hour for a year. With each 
iteration the model updates the hourly values of the ambient conditions. Then, the fmincon solver is initiated with an initial guess of 
the decision variables. The balance equations (6)–(11) are solved to uphold the constraints of equations (1)–(5) and (12). It is 
important to mention that, given the nonlinearity of the optimization problem, it is not guaranteed to find the global optimal solution. 
If an infeasible solution is encountered, this simulation step is recalculated with a perturbation of the initial guess. This process is 
allowed several attempts. If the algorithm is still unable to find a feasible solution, the combinations of operational constraints are 
skipped. If the algorithm finds a feasible solution it logs the optimal values of the objective function, and decision variables, and begins 
a new cycle. Once the last weather data is evaluated, the annual simulation loop ends. Using the logged results the annual metrics are 
calculated. The algorithm checks if a full factorial combination of the operational constraints has yet been performed for each design. If 
not, another annual simulation is started with a new combination of operational constraints, from in Table 3. If yes, the algorithm 
checks if a full factorial combination of the design input has been performed. If not, a new annual simulation is started with a new 
selection of design inputs, from Table 1. If yes, a full factorial combination of every design input and operational constraint has been 
completed and the model terminates.

With one annual simulation, for every possible combination of the design inputs, the total number of design combinations 
amounted to 108 different specific DC power designs. Since each symbiosis design was allowed to operate using every possible 
combination of operational constraints at four different locations, this provides 972 different scenarios.

The runtime for a single annual simulation varies between 40 and 80 s, requiring an average of about 3-4 iterations per timestep to 
converge. All calculations were done using an Intel Core i5-8400 CPU (2.8 GHz, 6 cores) and 16 GB RAM.

3.8. Curve fitting the energy use

The greenhouses energy reuse was summarized into a least square curve fit model. The selection of curve form was determined by 
the overall structure of the simulated energy reuse. To avoid letting infeasibility or rare, unduly, and unrealistic scenarios influence the 
fitting process, possible outliers caused by improper parameter combinations were informed by using the standard score method [38]. 

Zi =
χi − χ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n− 1 ⋅
∑

(χi − χ)2
√ (21) 

where outliers are generally defined as |Z| ≥ 3. The variable n is the number of data points, χ is the mean of the observed heat demand 
and χi is each observed heat demand. By favoring representability and interpretability in exchange for completeness, data points that 
score |Z| ≥ 3, were analyzed and then excluded from the curve fitting. The data sets were evaluated city-wise and were subjected to the 
filtering process until no outliers were detected.

The following saturation curve law was employed to represent the relationship between the operational condition, setpoints and 
greenhouse energy use 

Qgh ≈
A ⋅ Pdc

B ⋅ (Pdc + C )
(22) 

The ERF can be derived by knowing the total energy use of the data center 

ERF ≈
Qgh

Qtot
(23) 

The ERF should be applicable for data centers larger or equal to what is necessary in the design phase. A , B and C are linear 
combinations of the differences between the operating strategies of the DC (namely the average, predicted outputs in terms of humidity 
and temperature as described in Section 3.5) and of the GH (namely the setpoints for humidity and temperature). The specific DC 
power is scaled to kW⋅m− 2 and the specific humidity to gh2o⋅kg− 1. The linear combinations are expressed as 

A = a1 + a2 ⋅ U + a3 ⋅ ΔTdc− gh + a4 ⋅ ΔTdc− amb + a5 ⋅ Δxdc− gh + a6 ⋅ Δxdc− amb (24) 

Table 2 
Operational constraints and setpoint summary.

Tdc 
◦C

min(pdc) 
Pa

max(pdc) 
Pa

max(RHdc) 
Pa

min(Tgh) 
◦C

max(Tgh) 
◦C

min(VPDgh) 
Pa

max(VPDgh) 
Pa

35 psat(− 9 ◦C) psat(15 ◦C) 0.7 15 30 450 1250
45 0.2⋅psat 

(
T*

dc) psat(15 ◦C) 0.7 17.5 30 450 1075
55 0.4⋅psat 

(
T*

dc) psat(15 ◦C) 0.7 20 30 450 900
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Fig. 3. Flowchart of the solver script.
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B = b1 + b2 ⋅ U + b3 ⋅ ΔTdc− gh + b4 ⋅ ΔTdc− amb + b5 ⋅ Δxdc− gh + b6 ⋅ Δxdc− amb (25) 

C = c1 + c2 ⋅ U + c3 ⋅ ΔTdc− gh + c4 ⋅ ΔTdc− amb + c5 ⋅ Δxdc− gh + c6 ⋅ Δxdc− amb (26) 

where Ū is the average heat transfer coefficient of the greenhouse, ΔTdc-gh is the difference between the average data center tem
perature and greenhouse setpoint, ΔTdc-amb is the difference between the average data center temperature and ambient design tem
perature, Δxdc-gh is the difference between the data center specific humidity and the greenhouses upper specific humidity setpoint and 
Δxdc-amb is the difference between the data center specific humidity and the ambient design specific humidity.

3.9. Validation

Model results were compared to the energy demand with process and climate data provided by the reference symbiosis for the 
period between January 1st and May 10th, 2023. The data was recorded by the use of an open-source management system such as 
Kairos, Zabbix, Kafka, Grafana, through a data center EDGE node located in the greenhouse with a mirroring and longtime storage at 
ICE Data Center. The data contains readings of DC temperature and temperature and volume flow of the supply ducts, as well as 
temperature setpoint, actual temperature and relative humidity of the GH. The volume flow was converted to mass flow using the 
estimated density of the air.

The reference specific energy demand was derived from the temperature of the air flow input, the actual temperature of the 
greenhouse, the mass flow of the supply fans of the GH and the floor area of the GH (A = 300 m2) 

∑
Qref

gh,i =

∑[
ϕref

i ⋅cp,i ⋅
(

Tref
i − Tref

gh,i

)
⋅ ti

]

3600 ⋅ A
. (27) 

The temperature had a measurement resolution of 0.1 ◦C and the volume flow 0.1 m3/s and a sampling time of t = 30 s. The ac
curacy of temperature sensors is ±0.2 ◦C and that on the relative humidity measurement is ±2%. Missing values (~1100 out of ~4e5 
data points after converting to heat demand) were substituted with linear interpolation from the closest known points in the data set. 
The chosen objective function and decision variables were the same as equation (19) and equation (20). The solver was provided with 
the operational GH temperature setpoints and the DC exhaust temperature from the measurement for the specific time. The specific 
humidity of the GH air was used as the humidity setpoint. Due to uncertainties in the number of crops present in the greenhouse, the 
transpiration model was turned off, and all the water flows were managed by the humidification process. To approximate the outdoor 
conditions, the model was fed hourly values for the outdoor temperature, relative humidity, and solar radiation in Luleå (a coastal 
town about 37 km from Boden). The estimated heat demand was constructed in a similar fashion to equation (27), using the model 
output for the mass flows ϕ1 and ϕ2 with their corresponding temperature Tdc and Tamb and the estimated GH temperature Tgh. The 
model's timestep size was t = 3600 s. The comparison was then made on the cumulative monthly energy demands, for heating and 
cooling, respectively.

The cumulative monthly energy demands, for heating and cooling, were compared using the root-mean-square error (RMSE) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

⋅
∑

(χ̂ i − χi)
2

√

(28) 

the relative root-mean-square error (RRMSE) 

RRMSE=
RMSE

χ (29) 

and a normalized root-mean-square error (NRMSE) 

NRMSE=
RSME

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n− 1 ⋅
∑

(χi − χ)2
√ (30) 

where χ̂ represent the estimated heat demand. To evaluate the validity of equation (17) and its governing assumptions, the following 
optimization problem was arranged to compare the solutions of equation (17) with optimal solutions, using the system of equations in 
section 3.2: 

minimize Pdc
subject to Eq. (1) − (5) and (6) − (12)

x ≥ 0
(31) 

where the chosen decision variables were the same as equation (18), but including Pdc 

x=
[
ϕ1,ϕ2,ϕ3,ϕ4,ϕ5,Φhum

gh ,Φhum
dc , Pdc,Tgh, pgh,T*

dc, pdc

]T
(32) 
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4. Results and discussion

4.1. Comparison with reference

Fig. 4 shows a comparison between the model prediction and the reference cumulative energy demand for Jan 1st -May 10th, 2023. 
The estimated heating demand closely reproduces to the reference heating demand; however, the cooling demand is underestimated. 
The explanation being that the model is unable to capture the effects that occurred in the reference greenhouse, caused by a sup
plementary cooling fan. While the PUE was not known for the reference symbiosis, there is a similar data center in Boden that can be 
used as a benchmark [18]. The PUE for this data center is 1.025 while the model produced 1.036, which is a 1.0% difference.

Table 3 provides the performance metrics for the energy demand comparison. Given the values of the RMSE together with a RRMSE 
and NRMSE, the model is considered to have acceptable accuracy.

Fig. 5 compares the solutions between the design factor and the optimization solver for the first three, colder months of 2023. The 
RRMSE =0.2%, which is small. Thus, the design solutions agree closely with optimized solutions. This shows that the assumptions 
about the optimal heat transfer conditions are valid and that the design expression is suitable to produce the minimal data center size, 
given different microclimate conditions.

4.2. Design analysis

Fig. 6 shows the behavior of the specific data center power, equation (17), and the relative data center power, equation (18), as a 
function of the difference between the DC exhaust temperature and the GH temperature and the specific humidity difference between 
the GH and the DC. The visualization uses Tgh = 20 ◦C, the VPDgh = 1250 Pa and Ū = 2.74 W⋅me

− 2 K− 1, in Luleå. The design factor, and 
consequently, the necessary DC power increases with a large humidity difference and a low temperature difference. The factor returns 
to data center power that must be between 3 and 21 times larger than the greenhouse demand. This corresponds to the most efficient 
symbiosis structure requiring 1.1kW⋅m− 2 while the least efficient needs around 8.7 kW⋅m− 2. For context, to uphold the microclimate 
conditions with a 1 MW data center, this would correspond with a symbiosis structure that could heat a 887 m2, and a 115 m2 

greenhouse, respectively.
Regarding the temperature difference, the exhaust air should be as hot as possible, and/or the greenhouse as cold as possible, for 

efficient heat transfer. The lowest necessary power is identified as the DC humidity nears its highest value (i.e., when it approaches the 
specific humidity inside the greenhouse). This implies that the data center should be kept as humid as possible to keep the humidity 
difference between the facilities small. Thus, there should be limited humidification done in the greenhouse while there should be 
substantial humidification done in the data center. Doing the opposite would result in a significantly smaller symbiosis potential as the 
largest specific humidity difference (occurring during minimal DC humidification) produces the highest necessary DC power. An 
explanation for this is that when the humidification process occurs in the greenhouse, this causes evaporative cooling losses which 
lowers the GH air temperature. However, by examining equation (10), this could also be interpreted as the losses acting on the exhausts 
heat value. Essentially, humidification in the greenhouse is equivalent to using a data center with a lower exhaust temperature, which 
is inefficient. Conversely, the data center also experiences heat losses when humidifying but has the means to uphold the exhaust 
temperature using the air side economizer. The data center can use evaporative cooling as part of its cooling system and can then 
reduce the necessary influx of air, accordingly.

Fig. 7 shows how the relative power requirements for the DCs, described by equation (18), vary with location. The visualization 
uses Tgh = 17.5 ◦C and a VPDgh = 1250 Pa. The ambient conditions have a significant impact on the design. Dryer and colder locations, 
such as the northern-most parts of Sweden, generally require a specific DC power over 6 times that of the sensible heat demand of the 
greenhouse, while southern locations require a specific DC power below 5 time larger. This means that symbioses in the north need far 
larger data center facilities, or far smaller greenhouses, to achieve their microclimate setpoints.

It is important to note that the output of the design expression is intended to be used to find the lower, theoretically possible bound. 
As such, the expression offers fast preliminary estimates to determine if a planned (or established) DC-GH symbiosis can continuously 
maintain its microclimate criteria (i.e., if the heat available in a data center is sufficient to supply a greenhouse), without having to use 
solvers or simulations. Note that since the expression assumes that the data center and the heat transfer infrastructure are well- 
insulated, the actual size of the data center may need to be larger than the one predicted by the expression.

Fig. 8 shows the indexed specific DC power designs used in the scenario analysis. Lower U-values, small specific humidity dif
ferences, large temperature differences, and warm outdoor climates require the smallest specific DC power designs. The smallest DC 
design is found in Malmö at around 0.40 kW m− 2 and the largest design in Kiruna at around 10 kW m− 2.

Observe that the designs with the index 29-36, 65-72 and 101-108 are missing. Here, no feasible solutions were obtained, for any 
location, when designing with greenhouse setpoints of Tgh = 20 ◦C and a VPDgh = 1060-900 Pa. This means that the factor C either 

Table 3 
Performance metrics for comparison.

Mean 
kWh⋅m− 2

Std 
kWh⋅m− 2

RMSE 
kWh⋅m− 2

RRMSE 
%

NRMSE 
%

Heating 115 58.3 6.36 5.55 10.9
Cooling − 14.9 18.9 7.49 50.1 39.7
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became negative or exceedingly large, meaning the latent heat losses dominated the heat gains. For these greenhouse setpoints to be 
feasible, the lowest expected exhaust temperature and specific humidity out of the DC must be higher than what was used in these 
designs.

Fig. 9 illustrates the behavior of the denominator of the design expression as a function of the temperature and the specific humidity 
difference. The infeasible microclimate regions are shown below the red line. At a 10 ◦C temperature difference the specific humidity 
difference must be below 3.9 gH2O ⋅kgair

− 1 while at a 17.1 ◦C temperature difference the specific humidity difference must be below 7.2 
gH2O⋅kgair

− 1. The attempted simulation cases are marked as X, demonstrating that they fall close to or below the limit. For these reasons, 
these designs will be omitted from further analysis.

With respect to the microclimate requirements for common GH vegetables, some ideal microclimate criteria for certain crops risk 
falling into the infeasibility region. For example, lettuce has an optimal temperature range between 15 and 18 ◦C and a RH around 
70%, tomatoes grow best at 19-24 ◦C at a RH of 65-75%, and cucumbers have an ideal temperature between 22 and 24 ◦C, under high 
humidity [39]. Assuming that the DC design temperature is 35 ◦C and vapor pressure is psat(− 9 ◦C), while using the lower optimal crop 
temperature, and a RH of 70% for all crops as design parameters (in Luleå); lettuce would require a specific DC power of 3.6 kW⋅m− 2, 
whereas the optimal microclimate criteria for tomatoes and cucumbers would become infeasible.

Given the considered range from 35 to 55 ◦C, for the DC exhaust temperature, symbiosis designs with 55 ◦C are most likely all 
feasible regardless of the temperature normally requested inside the greenhouse (15 to 20 ◦C), while designs with 35 ◦C are prone to 
infeasibility when the humidity difference between the facilities is moderate-to-high. In real world applications, the typical DC exhaust 
temperatures are between 30 and 40 ◦C [6], so the chances of infeasible matches could be significant.

4.3. Quantifying fan-, humidification- and auxiliary heater activity

Fig. 10 shows how the greenhouses humidification water use (Fig. 10a) and the data centers WUE (Fig. 10b) change depending on 
location, DC exhaust temperature, and humidity. The water used in the greenhouse was significantly affected by the operational 
conditions. For operational conditions working with DC temperatures at 35 ◦C and GH temperatures at 20 ◦C. For some of these cases, 
the annual water use became remarkably high, peaking at about 3.4-4.2 tons⋅m− 2⋅year− 1 for Luleå and Kiruna, causing the annual 
energy demand to bloat to over 4156 kWh⋅m− 2. While theoretically valid according to model equations, this extreme demand was 
judged as unrealistic. In context, it would be as if the average water consumption for every day were equal to the peak consumption for 
a typical GH during the hottest day in summer, even during winter when the normal heat demand is already quite high. The expla
nation being that for a DC temperature of 35 ◦C and a GH temperature of 20 ◦C, the air flow into the greenhouse gets very large to 
satisfy the temperature criteria, in cold climates. The added air pushes out the vapor already present in the greenhouse, which must be 
replaced to make up for the deficit between the DC humidity and the GH humidity setpoint. The additional water leads to evaporative 
cooling, which lowers the GH temperature further, prompting more hot air to be injected until it finds a steady state at very large water 
flows. Additional standard score evaluation identified these data points as outliers (|Z| ≥ 3). The data associated with this water use 
(13 data points) were excluded from fitting.

For the remaining strategies, the water uses ranges between 0.06 and 1.7 tons⋅m− 2⋅year− 1, although the reasons behind the 
numbers in this interval change with the locations. While all places used more water if their GH humidity demand is high and DC 
supply is low, Malmö and Stockholm must supply extra water because their need for ventilation was more frequent and more severe.

The values of the WUE range between 5⋅ 10− 5-0.22 L⋅kWh− 1, which can be compared to an estimate of the Swedish on-site WUE of 
0.09 L⋅kWh− 1 [40]. Contrary to the greenhouse water use, the WUE appears to increase in drier climates. There are signs that optimal 
conditions are achieved when the DC supplies extra water to the greenhouse when humidity constraints are strict, as seen by the small 
bump at the lower end of the DC power range.

The fan activity and air changes, due to the data center, vary dramatically among regions. In the winter, Kiruna consistently varies 
between 3 and 14 ACH if the exhaust temperature is 35 ◦C, peaking during night-time. This can be reduced to between 2 and 6 ACH by 
increasing the temperature to 55 ◦C. Fig. 11 shows the fan work done in the greenhouse (Fig. 11a) and in the data center (Fig. 11b). The 
ventilation becomes very active during summer, frequently peaking at 120 ACH between May-August for all locations. Though, the 
ventilation demand for locations farther south is significantly higher, especially if the humidity constraints are tight.

Fig. 4. Comparison of energy demand between reference and model.
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The fan work for the DCs is not significantly affected by the conditions in the greenhouse, although the DC humidity and tem
perature targets were impactful. Allowing the exhaust to reach 55 ◦C could reduce the fan work by 73% compared to 35 ◦C, while 
providing better heating opportunity for the greenhouse. For all locations, the PUE varied between 1.01 and 1.05, mainly driven by the 
difference in fan work in the data center. Like the fans work, a larger PUE is favored by lower DC exhaust temperatures.

The activity of the auxiliary heater is generally insignificant. The highest energy use is found in Luleå at 23 kWh⋅m− 2⋅year− 1, 
meaning that the auxiliary heater can be effectively eliminated with proper DC design. Although, one may still be necessary, as a 
backup, in case of interruptions in the data center operation.

4.4. Quantifying energy use and reuse

Fig. 12 shows the energy reuse (Fig. 12a) and ERF (Fig. 12b) for the different design and operational strategies. The reused energy is 
greatly affected by the operational conditions of the DC. Kiruna has an energy reuse of 888-2141 kWh⋅m− 2⋅year− 1, Luleå 737- 
1713 kWh⋅m− 2⋅year− 1, Stockholm 486-1095kWh⋅m− 2⋅year− 1 and Malmö 411-1026 kWh⋅m− 2⋅year− 1.

As the exhaust temperature increases, less air needs to be injected into the greenhouse. This relieves the greenhouse humidification 
system, reducing the water use. When the greenhouse requires additional humidification, heat is designated to evaporate water, 
increasing the energy use. This impact can be significant, as seen in Kiruna and Luleå, where the annual energy demand can vary by 
over 1000 kWh⋅m− 2. This is important to consider in cases where a data center wants to sell the waste heat.

Interestingly, the designs that reuse the most energy fall in the lower ranges for the ERF. This indicates that the ERF is more 
dependent on the initial design of the symbiosis rather than on its annual heat reuse. The ERF varies between 0.02 and 0.10 for Kiruna, 
0.02-0.09 for Luleå, 0.02-0.12 for Stockholm and 0.02-0.13 for Malmö. Higher values occur when the temperature differences are high, 
and specific humidity differences are low.

Table 4 contains the fitted coefficients and performance metrics for energy reuse and ERF. The values of the RRMSE, NRMSE and R2 

support that the model accurately captures the trend of the data. With this fitted model, it is possible to determine the cumulative 
energy use for a wide range of Swedish location without relying on solvers or simulation software. This is applicable to symbiosis 
planning and possible economic estimations for waste heat sales.

Fig. 5. Comparison between the optimization solutions and design solutions.

Fig. 6. Absolute and relative specific DC power as the temperature difference and specific humidity difference change.
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5. Conclusion

This paper evaluated the consequences of upholding the microclimate conditions within an air-cooled data center-to-greenhouse 
symbiosis. The goal was to determine its effect on the symbiosis design and resource use under different microclimate regimes.

The design model produced in this paper corresponds closely to the optimal solution for maximum heat transfer in the symbiosis 
while the energy reuse model provides a quantitative estimation of energy use with appropriate accuracy. Understanding the impact of 
the ambient conditions and the temperature and specific humidity differences between the facilities play a significant role in designing 
a DC-GH symbiosis as well as estimating their resource use. It is well-established that the temperature criteria in a greenhouse are 
achievable using an air-cooled data center. However, by forgetting to account for the humidity criteria in the greenhouse, the sym
biosis targets could end up infeasible. This is especially sensitive with a DC exhaust temperature of 35 ◦C and a GH temperature of 
20 ◦C. If the symbiosis is poorly dimensioned, the greenhouse could be incapable of raising its partial pressure significantly, leading to 
suboptimal and potentially detrimental conditions. In fact, any attempts by the greenhouse to raise their humidity leads to a more 

Fig. 7. The relative DC power required for Swedish GH-DC symbioses.

Fig. 8. Specific DC power designs for various locations and design inputs, with index. They are sorted by location (color), temperature differences 
between the GH and DC (thicker markers meaning larger differences) and specific humidity differences between the GH and DC (larger markers 
meaning larger differences).
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inefficient system, as this exacerbates the heat that needs to be introduced to the greenhouse.
After evaluating multiple design and operation cases, the design data center power per unit greenhouse area was estimated as 0.40- 

10 kW⋅m− 2, with an energy reuse factor index of 0.02-0.13 and a water use effectiveness of 5⋅10− –0.22 L⋅kWh− 1. Poor matches 

Fig. 9. Denominator values depending on temperature and humidity differences. Red X denotes VPDgh = 900 Pa and magenta VPDgh = 1060 Pa. The 
red line marks where the denominator becomes zero and the specific DC power approaches infinity.

Fig. 10. Annual specific GH humidification water use (a) and WUE (b). They are sorted by location (color), temperature differences between the GH 
and DC (thicker markers meaning larger differences) and specific humidity differences between the GH and DC (larger markers meaning larger 
differences).

Fig. 11. Annual specific fan energy for the GH (a) and the DC (b). They are sorted by location (color), temperature differences between the GH and 
DC (thicker markers meaning larger differences) and specific humidity differences between the GH and DC (larger markers meaning larger 
differences).

Fig. 12. Annual specific energy reuse (a) and ERF (b). They are sorted by location (color), temperature differences between the GH and DC (thicker 
markers meaning larger differences) and specific humidity differences between the GH and DC (larger markers meaning larger differences).
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between the data center and greenhouse microclimates could increase the greenhouse heat demand by over 1000 kWh⋅m− 2⋅year− 1 due 
to excessive need for humidification.

Because of this, the data center stakeholders need to be the one to stay committed to regulating their own microclimate to facilitate 
acceptable horticultural conditions and reduce resource waste. A well-built symbiosis must consider both the design and operational 
settings of both facilities to obtain optimal conditions. Doing so minimizes energy use and resource use, both in terms of waste heat, 
supplementary heating, water, and electricity.

6. Future work

In case of infeasible designs, possible design solutions for the GH could include deciding on a design temperature and/or specific 
humidity which may be slightly lower than their desired values during operation. However, this results in an underdimensioned DC 
and would force the GH to drop below its temperature/specific humidity setpoints during colder periods. If this is undesired, an 
auxiliary heating process must be introduced to cover the heat deficit caused by the underdimensioned DC. The frequency of this 
(based on design/operational conditions) and the dimensioning of the auxiliary heat source needs further research.

Research data

The data used in this study is made available at https://github.com/chralenius/DC-GH-Symbiosis-Data.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.csite.2026.108309.

Table 4 
Coefficients and performance metrics.

Function coefficients

Coeff. a b c

1 151.2 0.3877 1783.5
2 112.9 0.01553 − 128.6
3 − 0.2845 0.006231 8.636
4 5.488 1.0258e− 5 − 21.42
5 − 84.02 − 0.06029 67.33
6 − 119.5 − 0.1140 155.3

Annual performance metrics

Mean Std RMSE RRSME NRMSE R2 Adj. R2

Qgh 0.88 0.39 0.071 8.16% 18.1% 0.967 0.966
ERF 0.062 0.028 0.0049 8.00% 17.5% 0.969 0.969
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Appendix

A Humidity metrics

This section contains the humidity metrics used in the study. The relative humidity is defined as [41]. 

RHi =
pi

psat(Ti)
(A.1) 

and vapor pressure deficit is [42]. 

VPDi = psat(Ti) − pi (A.2) 

where the saturation pressure for Ti ≥ 0 ◦C [42] is given by equation 

psat(Ti)=610.780 ⋅ exp
[
17.08085 ⋅ Ti

Ti + 234.175

]

(A.3) 

and the saturation pressure for Ti < 0 ◦C [42] is given by equation 

psat(Ti)=610.714 ⋅ exp
[
22.44294 ⋅ Ti

Ti + 272.440

]

(A.4) 

Translating vapor pressure into specific humidity [43]. 

xi =
MH2O

Mair
⋅

pi

p0 − pi
(A.5) 

B Greenhouse processes

This section contains the greenhouse processes used in the study. The specific vapor processes of the greenhouse are composed of 
transpiration from the crops and condensations on the walls and are written as 

∑
Φgh =ΦE − Φcond (B.1) 

The condensation is expressed as [27]. 

Φcond = cm1

⃒
⃒
⃒
⃒
Tgh − Te

CT,gr

⃒
⃒
⃒
⃒

cm2

⋅
Ae

Afloor
⋅

[
pgh − psat(Te)

]
+

⃒
⃒
⃒pgh − psat(Te)

⃒
⃒
⃒

2
(B.2) 

where cm1 = 6.25e − 12 kgH2O⋅m− 2 s− 1 Pa− 1, cm2 = 0.33 and the temperature of the greenhouse envelope is expressed as a weighted 
sum of the indoor and outdoor air [27] 

Te =(1 − 0.75) ⋅ Tgh + 0.75 ⋅ Tamb (B.3) 

Crop transpiration is given by [27]. 

ΦE = α ⋅ І + β ⋅ VPDgh (B.4) 

The specific sensible heat processes are expressed as the incident solar radiation that passes through the envelope and the 
conductive heat losses through the walls 

∑
Pgh = τ ⋅ I0 − U ⋅

Atot

Afloor
⋅
(
Tgh − Tamb

)
(B.5) 

The evaporation and condensation provide the greenhouse with latent heat processes, here separated from the sensible heat 
processes for easier calculations, and are expressed as 

Λ ⋅
∑

Φgh = Λ ⋅ ΦE − (1 − 0.75) ⋅ Λ ⋅ Φcond (B.6) 

C Derivation of the design factor

The following derivation aims to produce a DC power expression, which includes all important parameters. Begin by defining the 
energy and mass balances while assuming that ϕ3 = ϕ4 = ϕ5 = 0. The data center energy balance is 
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Pdc +ϕ1 ⋅ cp ⋅ Tamb − Λ ⋅ Φhum
dc = ϕ1 ⋅ cp ⋅ Tdc (C.1) 

The data center humidity balance is 

ϕ1 ⋅ xamb + Φhum
dc = ϕ1 ⋅ xdc (C.2) 

The greenhouse energy balance is 
∑

Pgh +ϕ1 ⋅ cp ⋅ Tdc − Λ ⋅ Φhum
gh − Λ ⋅

∑
Φgh = ϕ1 ⋅ cp ⋅ Tgh (C.3) 

The greenhouse humidity balance is 
∑

Φgh +ϕ1 ⋅ xdc + Φhum
gh = ϕ1 ⋅ xgh (C.4) 

Rearrange equation (C.2) for DC humidifier flow 

Φhum
dc =ϕ1 ⋅ (xdc − xamb) (C.5) 

and equation (C.4) for GH humidifier flow 

Φhum
gh =ϕ1 ⋅

(
xgh − xdc

)
−
∑

Φgh (C.6) 

Solve for the air flow by rearranging equation (C.3) 

ϕ1 =

∑
Pgh − Λ ⋅ Φhum

gh − Λ ⋅
∑

Φgh

cp ⋅
(
Tgh − Tdc

) (C.7) 

Allow equation (C.6) in equation (C.7) for 

ϕ1 =

∑
Pgh − Λ ⋅ ϕ1 ⋅

(
xgh − xdc

)

cp ⋅
(
Tgh − Tdc

) (C.8) 

Collect the air flow terms 

ϕ1 −
Λ ⋅ ϕ1 ⋅

(
xgh − xdc

)

cp ⋅
(
Tdc − Tgh

) =
−
∑

Pgh

cp ⋅
(
Tdc − Tgh

) (C.9) 

then factorize the air flow 

ϕ1 ⋅
[

1 −
Λ ⋅

(
xgh − xdc

)

cp ⋅
(
Tdc − Tgh

)

]

=
−
∑

Pgh

cp ⋅
(
Tdc − Tgh

) (C.10) 

then give the terms a common denominator 

ϕ1 ⋅
[
cp ⋅

(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

)

cp ⋅
(
Tdc − Tgh

)

]

=
−
∑

Pgh

cp ⋅
(
Tdc − Tgh

) (C.11) 

to get the air flow 

ϕ1 =
−
∑

Pgh

cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

) (C.12) 

when the denominator cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

)
> 0.

Allow equation (C.5) in equation (C.1) for 

Pdc =ϕ1 ⋅ cp ⋅ (Tdc − Tamb)+Λ ⋅ ϕ1 ⋅ (xdc − xamb) (C.13) 

Allow equation (C.9) in equation (C.10) for 

Pdc =
−
∑

Pgh

cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

) ⋅
[
cp ⋅ (Tdc − Tamb)+Λ ⋅ (xdc − xamb)

]
(C.14) 

and rearrange for the data center design factor expression 

Pdc = −
∑

Pgh ⋅
cp ⋅ (Tdc − Tamb) + Λ ⋅ (xdc − xamb)

cp ⋅
(
Tdc − Tgh

)
− Λ ⋅

(
xgh − xdc

) (C.15) 

This expression can also be derived from the insight that all the air entering the data center should also exit the greenhouse by the 
following relationship 
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Pdc

cp ⋅ (Tdc − Tamb) + Λ ⋅ (xdc − xamb)
=

∑
Pgh

cp ⋅
(
Tgh − Tdc

)
+ Λ ⋅

(
xgh − xdc

) (C.16) 

Data availability

The data used in this study is made available at https://github.com/chralenius/DC-GH-Symbiosis-Data.
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[1] M. Vesterlund, S. Borisová, E. Emilsson, Data center excess heat for mealworm farming, an applied analysis for sustainable protein production, Appl. Energy 353 
(2024) 121990, https://doi.org/10.1016/j.apenergy.2023.121990.
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[4] T.B. Minde, Energianvändning i datacenter och digitala system: rapport till Statens Energimyndighet från RISE i uppdraget ‘Konsultuppdrag om 
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