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ABSTRACT

throughs in battery lifetimes, this solution remains infeasible if the clients are to retain their mobility. An alternative
approach is to position the computation near, but not on
the clients themselves. This form of distribution of computational nodes might resemble so called micro data centers [1,2]. Since the nodes are smaller, we would thus require
more of them.
Each node should be placed so that it satisfies the latency
requirements for as many clients as possible. In an urban environment, placing the computation efficiently can be costly
in terms of space. Our prototype solves this problem by using previously unused rooftop area. While every office in our
building is internally billed to one of the local departments,
we have several hundreds of square meters of unused rooftop
space. This phenomenon seems relatively common in urban
environments, as rooftops are designated as technical areas
and left unused.
By moving the servers from the clouds to the rooftops, we
can solve social and political problems which have hindered
placing user data away from local administrative boundaries.
As the geographical distance decreases, so do the communication latencies dictated by the speed of light. From a
green or sustainable ICT perspective, the major benefit is
free air-side cooling.
Instead of depending upon computer-room air conditioning units, the servers can be directly air-cooled for the larger
part of the year, local weather conditions permitting. In
Helsinki, no cooling has been necessary for the past two
and a half years. To our knowledge, our experiment is the
longest continuous scientific endeavour taken to discover and
measure the limits of direct, free air cooling [6, 7].
In this paper, we extend our previous work by harvesting
the exhaust heat from our free air-side cooling prototype.
This heat is used to warm a directly adjacent greenhouse,
which we custom-built for this specific purpose. We grow
mainly edible plants, e.g., tomatoes and chili peppers. During 2012, our main research goal has been to show the feasibility of this combination. We consider the goal successful,
as our local university cafeteria has already committed to
serving our chilis in their 24 local restaurants.
Our key contributions and results are:

This article describes the first eight months of operation of a
prototype rooftop greenhouse located in Helsinki, Finland.
The greenhouse is heated by exhaust heat harvested from
a rack of computer servers, while the servers are cooled by
unconditioned outside air only. We describe which plants
have thrived in this kind of a synthetic environment. Plants
in the greenhouse include multiple edible species, including
seven types of chili peppers. Yields, in particular for chilies,
have been excellent. Our chilis have been served in local university cafeterias in the city beginning from autumn 2012.

Categories and Subject Descriptors
B.8 [Hardware]: Performance and Reliability; B.8.1 [Performance and Reliability]: Reliability, Testing, and
Fault-Tolerance

General Terms
Human Factors, Experimentation, Measurement, Reliability

Keywords
Sustainable computing, cooling, empirical system reliability,
heat harvesting

1.

INTRODUCTION

Throughout the history of computer science the distribution of network services has shifted from the core of the network to its edge and then back again. Currently, we might
be approaching the apex of centralization, as the majority
of our computation is performed in very large data centers
(DCs) and content-delivery networks. This ephemeral mode
of computation has been appropriately titled the cloud. If
history is to repeat itself, the cloud will be superseded by a
redistribution of the computation back towards the clients.
Such a shift could bring computation all the way back
to the client computers. However, without major break-

• We demonstrate the feasibility of supplying the required additional heat for a greenhouse in our climate
using the exhaust heat of only one rack of servers.
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• We experiment with many different plants, identifying
which of them do thrive in our greenhouse and which
do not.
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Our results show that exploiting unused roof space and
free air cooling can enable growing of edible plants in urban
locations, close to where they are consumed.
This paper is structured as follows. Section 2 reviews
related work. Section 3 describes how we constructed the
greenhouse and supply heat to it, while Section 4 details
which plants have thrived in such a synthetic environment.
We discuss these results and make projections for a much
larger DC-adjacent greenhouse in Section 5. Finally, Section 6 concludes this article.

2.

RELATED WORK

In this article, we extend the micro data centers proposed
by Church et al. [2] by harvesting the server exhaust heat
and reusing it in a greenhouse. This idea has previously
been described by Brenner et al. [1]. We expand their idea
by relying on the servers as our only synthetic heat source,
placing the whole setup on an already existing office building, growing edible plants in the greenhouse, and using our
yield for the benefit of local restaurants.
As the feasibility of our approach is dictated by the local
climate, perhaps the closest related work comes from the
previously unrelated field of greenhouse production. Scientists from the local universities and MTT Agrifood Research
Finland have experimented and calculated the energy requirements for modern and future greenhouses [3–5].1 Their
calculations include the heating requirements per square meter of nearby greenhouses, which roughly match the heat
signature of our prototype (see Sect. 5.3 for details).

3.

(a) Greenhouse during winter, direction south-east.

HEATING A GREENHOUSE

As server exhaust heat is too low-temperature for efficient conversion back into electricity using currently available methods, we have been looking for a direct application
for the past two years. The idea to build a rooftop greenhouse came from local green roof installations. The key
research questions we set out to solve were feasibility and
whether we could extend the growing season of our plants.
An important secondary objective was to raise public awareness about the amount of energy wasted by many DCs.

3.1

(b) Greenhouse during summer, direction north-west.
Figure 1: Exactum greenhouse during winter and
summer 2012, pictures taken from opposing directions.

Heat source

3.2

In order to shield the servers we employed an existing
prototype chassis called the Helsinki Chamber (HC), which
is detailed in our earlier work [6]. Briefly, the HC contains
14 servers in a 26U 19” rack. The servers draw ca. 3.4–3.6
kW during normal operations, almost all of which is turned
to heat. The HC is visible as a separate unit in Fig. 1(a).
The transparent plastic cover in the front shields the server
intakes from snow and rain. Intake and exhaust chambers
are separated, forcing heated air to flow into the greenhouse.
Due to the limits of the local climate, the growing season
of plants is capped by the cold (nighttime) temperatures for
much of spring and autumn. In other words, there is enough
sunlight but the plants freeze to death. Thus, local greenhouse operators have turned to using heaters in addition to
the greenhouse lamps. By calculating the amount of harvest
gained, this technique ends up being more energy-efficient
per kg than an unheated approach [4, 5].

Greenhouse construction

We emulated local greenhouse operators by constructing a
small greenhouse just next to the already-existing HC. The
greenhouse was built upon 10 standard European logistics
pallets (120x80 cm) and it spans a floor space of 9.4 m2 . The
total volume is only under 16 m3 due to the modest height
of the slanted roof. The roof is diagonal, rising to 154 and
182 cm in the opposite sides. Figure 2(b) shows the height
difference of the roof, while Fig. 2(a) details the floor area
and door sizes, which are further explained in Sect. 3.4.
The major difficulty we had to solve was the weight of the
greenhouse. Due to local construction laws, any rooftop area
has to be built to withstand the maximum weight of snow
during pathological conditions. According to our building’s
construction blueprints, this translates to 630 kg/m2 . Our
architects were concerned that the greenhouse would add too
much weight in combination with the snow, causing the roof
to collapse. As the greenhouse leaks excess heat through
its roof, any snow falling on its roof melts. Thus, we gain
the weight difference, but must still design for a lightweight
structure due to the added weight of the plants and turf.

1

Although these articles are published in Finnish, to the
best of our knowledge, they are the only articles covering
climate conditions similar to our greenhouse.
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3.3

Total power

Our greenhouse is built with an unidirectional slanted roof
visible in Fig. 1. The supporting frame is built using 2x4”
and 2x2” boards covered with 0.8 mm thick polycarbonate
plastic wave sheets. The inner walls are covered with 0.15
mm thick polyethen film, forming an insulating air pocket
between the double plastic walls. Figure 1(a) shows the
greenhouse without the inner plastics, while Fig. 1(b) includes both layers. The insulating layers reduce the transparency of the greenhouse and the amount of sunlight passing through it. This is in fact beneficial, since the greenhouse
might else collect too much sunlight for the plants.
Currently, the extra heating provided by the servers to
our plants varies between 362–383 W/m2 . While this extra heating is very beneficial during the colder seasons, it
is equally problematic during summer. In addition to the
server based heat we have tried to measure the effects of the
sunlight, including its attenuation caused by our construction materials. We measured the photosynthetic photon flux
(PPF) directly outside the greenhouse and spotwise inside
it. The measurements were repeated with direct sunlight
during the pre-noon hours and then with indirect sunlight
after the greenhouse and its surroundings were shadowed.
Our quantum sensor was an Apogee model2 SQ-110.
Getting consistent readings showed out to be notoriously
difficult. Due to diffusion caused by our materials, the spotwise PPF readings were sometimes larger when sunlight penetrated both wall layers cf. only one layer. By measuring the
PPF readings at the same positions where our temperature
sensors are located, we obtained direct readings of 535–625
PPF, with an outlier on the east position of 385 PPF. With
indirect sunlight, the corresponding readings were 57.5–97.5.
We repeated the measurements in many different positions
to figure out the attenuation factors of the materials. The
full story is available from our website3 .

3.4

(a) Greenhouse, doorway, and growing table sizes, temperature sensor (N,E,S,W) locations, top view.

(b) Greenhouse and sensor heights
Figure 2: Greenhouse schematics and temperature
sensor positions, side view.

Sensors and ventilation

We measure temperatures from four different positions
within the greenhouse as depicted in Fig. 2. Our sensor
solution is custom-built and detailed in [8]. Each sensor is
positioned roughly 1 m from the floor and resides in the
middle of the plants. In addition, we measure the ambient
temperature from a sunlight spot from outside of the greenhouse. We are able to calculate both absolute temperatures
and ambient-indoors differences with 1-minute granularity.
For the cold winter period, we aim for a minimum indoors temperature of 10◦ C. With this target temperature,
our plants would be able to survive the winter period in a
suspended state. So far, we remain some 5–10◦ C of the target temperature during the worst combinations of darkness
and temperatures dropping to −30◦ C. With improved insulation and additional computational load on the servers,
reaching the target temperature still seems possible. We are
currently in the process of replacing the polyethen sheets
with much more airtight polycarbonate windows.
Conversely, during the warmer periods the added insulation becomes a burden. Our greenhouse was designed with
two opposite doorways to function as a wind tunnel whenever ventilation was required. The doorways are visible in

Fig. 1(b) and Fig. 1(a) respectively. Passive door-opening
mechanisms used in greenhouses employ wax-like mediums
that are designed to expand with heat and open ventilation
windows. These levers remain too weak for the wind surface
of our doors, while smaller windows would not be able to
exhaust the heat from both sunlight and the servers.
Thus, stabilizing the indoors temperature remains one of
the key difficulties in our environment. With manually regulated doorways, we have been able to separate the indoorsambient temperature difference to roughly three different
plateaus. The plateaus correspond to door configurations
where both doors are either closed, partially open, or fully
open. The matching temperature differences are roughly
20–25◦ C, 10◦ C, and 0–5◦ C. Note that the differences are
calculated with an ambient sensor positioned in sunlight:
differences to a shadowed ambient would higher. Real-time
and historical temperature graphs are available from our
website4 . Further analysis of the internal temperatures has
been omitted both for brevity and due to the unique nature
of our installation. Individual differences in construction
would mean that the results would not carry over to other
installations.

2

For details, see http://apogeeinstruments.co.uk/quantum/.
See http://wiki.helsinki.fi/display/Exactum5D/Sensors for
additional PPF measurements.
3

4
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http://wiki.helsinki.fi/display/Exactum5D/Home
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HEAT AND PLANTS

For our plants, the key benefit of the added heat is the
lengthening of the growing period between spring and autumn. During 2012, we have tried to figure out the edible
plants most suited to our synthetic environment. As we
knew in advance that the summer-time temperatures would
be higher than normal, we selected the initial set of plants to
be very diverse. Emphasis was placed on plants with higher
temperature requirements, e.g., tomatoes and chili peppers.
It was fully expected that some of the plants would not
to make it, and indeed, this has been the case. The temperatures inside the greenhouse reached well over 30◦ C during
the summer, with occasional peaks reaching 40◦ C. These
temperatures were too high for some of the plants in our
experiment, even though we had chosen plants with higher
temperature requirements.
Excessive transpiration slows or even stops the growth of
many plants and can kill them by dehydration. In addition
to dehydration, overly high temperatures can also prevent
CO2 intake. Plants have stomata in the epidermis layers
of leaves and stems which allow CO2 to enter and water
vapour from the transpiration system to exit. The CO2 is
needed for photosynthesis and thus for the growth of the
plant. Stomata can close to prevent the loss of water, but
this also prevents the entry of CO2 into the leaves. Thus,
both too much and too little sunlight can kill the plants.

4.1

Common name
beetroot
beetroot
orange
coriander
zucchini
zucchini
lavender
lavender
lavender
lavender
basil
pelargonium
rosemary
rosemary
rosemary
nasturtium

Table 2: Unharvested plants.

Into the turf we have mixed fertilizer as slowly dissolvable
grains. Each of the pots is numbered 1–33, carrying exactly
one plant and identifying it uniquely.
With the exceptions detailed in Sect. 4.1, all of the remaining plants have thrived relatively succesfully in our synthetic
environment. Table 1 details our current yields as of Aug.
2nd, 2012. The table describes the scientific name and cultivar, measured plant height, amount of leaves remaining and
lost, yields, and yield sizes. Note that in Table 1 we have
measured only those plants for which similar data is easily
available for comparisons. The other plants are listed in Table 2. Also, the yield counts are minimums. At the time of
writing, we have a crop of over 500 chili peppers, and some
of the plants are still producing chili in October.

Plant lifetimes

In our environment there is sufficient sunlight from roughly
the beginning of March to allow net growth. Our initial set
of plants were planted on March 20th as seeds and then left
in the greenhouse to sprout. Of the initial set of seeds, only
our habañero chili peppers refused to sprout. The probable
reason for this is the source of seeds, as they were retrieved
from peppers sold in a local grocery shop. On April 4th, we
replaced the unsprouted seeds with sprouts bought from a
local greenhouse operator.
While many plants have thrived, others have clearly grown
too fast due to the high temperatures. This effect was
enforced during spring, when there was too little sunlight
compared with the temperatures. For example, the beans
Phaseolus vulgaris ’Carminat’ and the coriander Coriandrum sativum first elongated to a considerable height, but
their growth later weakened. Then, the beans died altogether. The corianders were induced to flowering very early
on, which also tends to indicate too high daytime temperatures. One of the corianders later fell prey to pests detailed
in Sect. 5.1.
Similarly, our zucchinis Cucurbita pepo ’Gold rush’ have
been mostly unsuccessful. Possible causes for this could be
the pot size being too small, too high temperature, or pest
problems. Zucchini leaves tend to be very large, so that the
amount of water they evaporate can easily grow too high.

4.2

Scientific name ’Cultivar’
Beta vulgaris ’Detroit 2’
Beta vulgaris ’Detroit 2’
Citrus sinensis
Coriandrum sativum
Cucurbita pepo ’Gold Rush’
Cucurbita pepo ’Gold Rush’
Lavandula angustifolia
Lavandula angustifolia
Lavandula angustifolia
Lavandula angustifolia
Ocimum basilicum
Pelargonium fragrans
Rosmarinus officinalis
Rosmarinus officinalis
Rosmarinus officinalis
Tropaelum

4.3

Benefits of rooftop gardening

One of the major benefits or rooftop gardening is the relative ease of access that comes with a shortened distance to
the garden’s urban operators. In our case, the first author
is the primary gardener while the second author supervises
all gardening work. As mentioned in the previous section,
the plants do not need watering every single day. As a normal watering cycle takes only 15–20 minutes, tending the
rooftop greenhouse actually feels like recreation, not work.
However, in a larger scale setup the distance benefit could
easily be lost, as tending multiple rooftops could become a
burden without a private car. Transporting plants, pots,
and turf, for example, would quickly become problematic
using only bicycles etc.
Instead, scaling upwards might be enabled by tempting
more volunteers to form new greenhouses. With only 9 m2
of greenhouse space, and using only 9/33 of our growing
pots, we are able to far overgrow the local demand for our
chilis. If multiple greenhouses could be co-operated using
the heat of many small-scale DC nodes, each greenhouse
could conceivably grow its own specific products. In this
manner, the products could form a micro economy, where
each team could barter for the crops from the other teams.
Similar economies are already in place on larger, open-air
gardening patches.
Finally, in an urban environment, exhaust heat is also
provided by other A/C units than DCs. Large supermarkets

Yields and harvest

As containers for our plants, we chose individual selfwatering pots because of the unknown survivability of each
chosen species. The pots’ water reservoirs function as buffers,
enabling us to reduce watering requirements to every 3 or 4
days5 . The pots are 20 and 25 cm in size and filled with turf.
5
Although this seems very much a minimum requirement
for our Solanum lycopersicum tomatoes.
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Scientific name ’Cultivar’
Brassica oleracea var. sabellica ’Half Tall’
Brassica oleracea var. sabellica ’Half Tall’
Capsicum annuum ’Apache’
Capsicum annuum ’Apache’
Capsicum annuum ’Apache’
Capsicum annuum ’Jalastar’
Capsicum annuum ’Rawit’
Capsicum annuum ’Short Yellow Tabasco’
Capsicum annuum ’Topepo Rosso’
Capsicum baccatuum ’Aji Cristal’
Capsicum chinense ’Pimenta da Neyde’
Solanum lycopersicum ’Black Russian’
Solanum lycopersicum ’Black Russian’
Solanum lycopersicum ’Gardeners Delight’
Solanum lycopersicum ’Gardeners Delight’
Solanum lycopersicum ’Little Sun Yellow’
Solanum lycopersicum

Common name
kale / borecole
kale / borecole
c. pepper
c. pepper
c. pepper
c. pepper
c. pepper
c. pepper
c. pepper
c. pepper
yellow lantern c.
tomato
tomato
tomato
tomato
tomato
tomato

Shoot ht.
33 cm
46 cm

140 cm
103 cm
122 cm
130 cm
38 cm

Leaf no.
18
30

41
30
60
36
10

(-3)
(-3)
(-10)
(-10)
(-2)

Fruit no.

Fruit 

118
102
100
6
44
89
8
45

5–50 mm
5–50 mm
5–50 mm
60–75 mm
30–50 mm
10–20 mm
40–50 mm
60–90 mm

6
6
5
22
16
2

Table 1: Plant nomenclature, heights (ht), leaf numbers (no, incl. dropped), fruit yields and diameters ()
as of 2012-08-02. (c = chili)
may require similar chilling towers due to their refrigeration
units. Thus, supermarket and mall roofs could not only
operate using similar techniques as those outlined for the
micro DCs, but also provide a very local vendor channel for
the harvest.

hardly a welcome addition, we have experimented with multiple types of hindrances in the forms of wires etc. The
pigeons have been quick to learn, and in the end we had
to reinforce all doors with wire nets in order to fully block
avians from entering.

5.

5.2

DISCUSSION

In this section we review some of the problems we have
encountered, outline difficulties with building on a rooftop,
and make a projection of the possible yield of a much larger
greenhouse installation.

5.1

Rooftop construction

Even though a rooftop may seem like an odd solution at
first, many rooftops are relatively unused and thus prime
targets for urban construction. As rooftops are inherentely
dangerous places, they combine well with the access control
requirements of data center environments. Conversely, we
have noted two inherent problems with rooftop greenhouse
construction.
First, an adequate water access is crucial for successfully
operating a greenhouse. In our case, the nearest access point
was at ground level, some four stories below. Thankfully,
the water pressure allowed for a straight-forward solution,
which involved running a hose up the side of the building
and the remaining 40 m sideways to the greenhouse. An
alternative solution would have been to plug into the water
drainage pipeline, which ran only a couple of meters from
our greenhouse. This solution would have enabled us to
use rainwater for irrigation. However, we decided against
this due to political reasons. As it was difficult enough to
receive building permits due to the weight concerns outlined
in Sect. 3.2, we decided not to push our luck.
Second, snow remains a problem in many nordic countries. During many winters, the snowfall accumulates on
the rooftops so that specialized crews have to be contracted
to safely remove the snow. As our greenhouse does not
consume the waste heat of the servers, the radiated heat
could be conceivably used to reduce the snow burden on the
rooftop. With a larger DC exhaust, more snow could be
melted than we currently do.

Insects and pests

For the major part of operation, the upkeep of the greenhouse has been surprisingly easy. Most problems stem from
four types of pests: aphids (Aphidae), spider mites (Tetranychus urticae), whiteflies (Trialeurodes vaporariorum), and
pigeons (Columbidae, probably Columba livia). Of these,
the worst problems have been the whiteflies and the pigeons,
while the others have succumbed quite easily to household
pesticides based on piperonyl butoxide and pyrethrines.
Whiteflies are notoriously resistant to weaker pesticides.
Fortunately, whiteflies are also not the most aggressive pests,
and plants can survive smaller infestations. In order to refrain from using too many poisons on our edible crops, we
initially tried biological countermeasures. We experimented
with a known parasite of the whitefly family, the Encarsia
formosa. Unfortunately, the parasite was unsuccessful in
combating the whiteflies. This is probably a result of employing the parasites too late after infestation had begun.
We have now switched over to a pesticide consisting of a
very mild mixture (0.15–0.3%) of a biological pine oil-based
cleaning fluid and water. The results seem more positive,
but the task needs to be repeated for at least 12 days in
order to eliminate all whitefly larvae.
City-bred pigeons have shown out to be very reckless in
their attitudes towards humans and human constructions.
As the greenhouse is constantly heated and ventilated for
extended periods of time, it has attracted the pigeons’ attention as a suitable nesting place. As bird droppings are

5.3

Larger installations

By calculating the current yield of our prototype we can
now project some rough estimates on what a greenhouse
using a larger DC could produce. As mentioned above, lo-
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cal greenhouse researchers [5] have estimated the heating
requirements for a greenhouse using LED-based lighting as
300–450 kWh/m2 . Their energy estimates a growing period
from February to October. Assuming equal sunlight and
that heating is required for only a fifth of May and September, half of June, and none of July or August, this would
translate to an average power draw of 68–102 W/m2 . Note
that as the sun does shine even during the colder months,
the heating load fluctuates over the average during the night,
and vice versa during the day. This causes the above calculation to underestimate the worst case for the heating. However, as our prototype’s heat signature is currently 362–383
W/m2 (Sect. 3.3), the servers can easily overprovide the requirements even during the colder months. This adds some
confidence that harvesting heat remains feasible for larger
greenhouses with relatively fewer servers required.
If we would concentrate only on the most successful chili
peppers in our greenhouse, we could extend the yield from
roughly 500 to over 1830 chili peppers in our 9.4 m2 greenhouse. In contrast to our power draw of 3.4–3.6 kW, the
local CS Dept.’s data center consumes roughly 80–110 kW
during normal and peak operations [6]. Currently all of the
heat is wasted, as it is radiated into the air by a cooling
tower located in the vicinity of the greenhouse.
If we could harvest a conservative 80% of the Exactum
DC’s waste heat, we could heat up a similarly constructed
greenhouse of ca. 177–230 m2 . Thus, using the available
heat we could grow roughly 34,500–44,800 chili peppers.
During summer 2012, the market price for Capsicum annuum ’Aji Cristal’ produced in Finland was 92.50 euro per
kg, or roughly an euro per chili pepper.
Finally, as the heat produced is pretty constant, the exhaust must in due time be vented from the greenhouse. After that, the heat could still be reused in a district heating
network, to heat local buildings or water reservoirs, or melt
snow in the harshest climates.

6.

While a lightweight construction similar to ours was feasible on top of the Exactum building, much more powerhungry DC installations exist. These facilities are typically
located outside urban environments, can require hundreds
of kilowatts of power, and require up to thousands of square
meters of space. Interestingly, all of these attributes apply to
large-scale greenhouses as well. Thus, very large-scale DC
installations could be very successful companions to very
large-scale greenhouses in rural environments.

7.
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CONCLUSION AND FUTURE WORK

In this article, we have demonstrated the feasibility of
harvesting server heat and reusing it in a greenhouse environment. We have successfully extended the growing season of the plants by mimicking the synthetic conditions of
larger greenhouse environments. Our prototype is a proofof-concept installation combining both the urban gardening
concept and free air cooling.
In future work, we will further describe our experiences by
focusing on the most well-adapted plants, detail the requirements for sunlight, and explain the feasibility of biological
pest deterrents. Additional LED lighting should be evaluated as a possibility for the winter season. Starting from
2013, we have plans to extend our co-operation with agricultural researchers and revisit the possibilities for symbiosis
of large-scale data centers and greenhouses.
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