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ABSTRACT

In today's growing cities, where land is an expensive commodity and direct exposure to sunlight is a valuable
asset, rooftops constitute vast underexploited areas. Particularly with growing urban environmental concerns,
the potential of transforming these areas into productive spaces — either for food cultivation or energy generation
— has emerged as a viable option in recent years. Both food production and energy generation have benefits in
the urban environment. Rooftop farming is an environmentally and economically sustainable way of exploiting
urban rooftops, reducing “food miles” and providing local jobs, while roof-integrated solar photovoltaic (PV)
modules provide clean energy, are increasingly cost-effective, and offer job opportunities. In both cases, a
rooftop network of production could directly supply a portion of a necessary resource - either food or electricity
— to the local community while concurrently reducing the burden on the environment. To provide a basis for
comparing the implementation of these productive uses of rooftops in Mediterranean cities, this article applies a
Cost-Benefit Analysis (CBA) to a mixed-use neighborhood located in Lisbon to assess the following uses: (1)
open-air rooftop farming on intensive green roofs; (2) food production in low-tech unconditioned Rooftop
Greenhouse (RG) farms; (3) Controlled-Environment Agriculture (CEA) in high-tech RG farms; and (4) solar PV
energy generation. Relative costs, cost-saving benefits and added value of these four alternative productive uses
of rooftops were modeled over 50 years and deducted from present value, considering two levels of analysis: (a)
effects directly incurred by the operator of the systems; and (b) societal effects on the local community. To the
authors' knowledge, this is the first comprehensive comparison of rooftop PV versus rooftop farming technol-
ogies. The results have shown food production to be more beneficial than energy generation, for both the owner
of the system and the local community, under the modeled conditions and given the selected items of com-
parison. In particular, the results show that rooftop greenhouse farming can provide significant benefits over
rooftop green roof and solar PV systems when assessed from a holistic perspective that accounts for impacts on
both the operator and the local community.

1. Introduction

1.1. Background

income households from markets will increase, resulting in supple-
mentary environmental and economic costs to access food (FAO, 2011).
Furthermore, cities account for 60 to 80% of energy consumption,
generating 70% of total anthropogenic greenhouse gas (GHG) emissions

The world is witnessing an unprecedented urban growth, with more
than half of its population living in urban areas. This proportion is only
growing larger, expected to exceed two-thirds by 2050 (United Nations,
2014). At this pace, and in lack of specific planning for food systems,
urbanization will exacerbate pressures on food and nutrition security.
Competition for land between agriculture and other urban uses will
escalate in urban and periurban areas; food supply needs of cities will
further grow, leading to greater environmental impacts and placing
stress on overloaded food distribution systems; and distances of low-
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through the use of fossil fuels for energy supply and transportation; and
similarly to food supply needs, energy needs of urban areas are ex-
pected to increase (UN-Habitat, 2016).

In the current context of climate change, cities have therefore a
critical role to play in building resilient communities. Over the past
years, scientific literature on the assessment of sustainable urban so-
lutions addressing both food supply and energy supply issues has been
expanding. While some researchers have measured the potential of ci-
ties for self-reliance in food (Grewal & Grewal, 2012; Haberman et al.,

Received 29 June 2017; Received in revised form 15 February 2018; Accepted 20 February 2018

0264-2751/ © 2018 Elsevier Ltd. All rights reserved.

Please cite this article as: Benis, K., Cities (2018), https://doi.org/10.1016/j.cities.2018.02.011



http://www.sciencedirect.com/science/journal/02642751
https://www.elsevier.com/locate/cities
https://doi.org/10.1016/j.cities.2018.02.011
https://doi.org/10.1016/j.cities.2018.02.011
mailto:khadija.benis@tecnico.ulisboa.pt
https://doi.org/10.1016/j.cities.2018.02.011

K. Benis et al.

2014; Orsini et al., 2014) and for mitigating environmental impacts of
food systems through urban agriculture (Benis & Ferrao, 2016); others
have estimated the potential of renewable energies, such as solar pho-
tovoltaic (PV) systems, to fulfill urban energy needs (Hofierka & Kanuk,
2009; Amado & Poggi, 2014; Byrne, Taminiau, Kurdgelashvili, & Nam,
2015). Both food production and solar energy generation require large
areas of one of the most coveted urban resources — land — and large
amounts of a valuable urban asset — sunlight. At the same time,
buildings' rooftops represent considerable unutilized urban areas with
direct exposure to sunlight, and are therefore suitable for both food
production (Orsini et al., 2014; Rodriguez, 2009; Proksch, 2011;
Ackerman, Plunz, Katz, Dahlgren, & Culligan, 2012; NYSERDA, 2013;
Specht et al., 2014b; Goldstein, Hauschild, Fernandez, & Birkved, 2016)
and energy generation (Byrne et al., 2015; Heinstein, Ballif, & Perret-
Aebi, 2013; Gagnon et al., 2016; Yang & Zou, 2016). As cities are
densifying, rooftops are becoming increasingly valuable urban com-
modities and city governments and owners are confronted with the
choice to either use their rooftops for urban agriculture or electricity
generation. This manuscript addresses this question, offering — to the
authors' knowledge, the first quantitative comparison between the two
uses in terms of environmental performance and job creation.

1.2. Objective of the study

Concurrent with emerging sustainability concerns, the potential of
transforming urban rooftops into productive spaces, such as for food
cultivation or energy generation, has aroused interest in recent years, as
both uses have benefits in the urban environment. Rooftop farming is
claimed to be an environmentally and economically sustainable way of
exploiting urban rooftops, reducing “food miles” and providing local
jobs, while roof-integrated solar photovoltaic (PV) panels provide clean
energy, are increasingly cost-effective, and offer job opportunities. To
the best of our knowledge, the costs and benefits of these two alter-
native uses of buildings' rooftops have not been comparatively assessed.

This study aims to provide decision-makers with a basis for sys-
tematic and integrated comparison of these productive uses of rooftops,
enabling the evaluation of economic sustainability and net social wel-
fare of a set of options over a 50-year life cycle. A Cost-Benefit Analysis
(CBA) approach was applied to assess the following scenarios, against
conventional unused flat roofs (see Fig. 1):

(1) Rooftop farms for open-air food production (on intensive green
roofs);

(2) “Low-tech” Rooftop Greenhouse (RG) farms;

(3) “High-tech” RG farms for controlled-environment food production;

(4) Building-Integrated Photovoltaic (BIPV) energy systems.

In this study, we chose to evaluate the proposed systems in-
dividually. There exists precedents in which rooftop food growing and
solar energy generation technologies are combined into one synergistic
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system (ZinCo, 2017). We chose to evaluate the systems independently
in this case to understand their individual impacts. Future studies may
consider the effects of combined systems on a single rooftop.

The following section describes these productive uses of rooftops.

1.3. Productive uses of rooftops in urban areas

1.3.1. Food production

Today, numerous cities have developed policies and programs on
urban food security, nutrition and urban agriculture (Baker & de
Zeeuw, 2015). Sustainable food systems are on the political agenda of
over 100 cities worldwide, all of which have committed to The Milan
Urban Food Policy Pact, the first international protocol that calls for
municipalities to develop food systems that grant healthy and acces-
sible food to all, protect biodiversity and reduce food waste. Among its
recommended actions, local food systems are highlighted, through the
promotion of urban and periurban agriculture and its integration into
city resilience plans (Milan Expo, 2015).

1.3.1.1. Open-air rooftop farming on intensive green roofs. In Scenario 1,
we consider the use of intensive green roofs for horticultural cultivation
in urban areas (see Fig. 2a). The integration of green spaces into the
urban fabric has been gaining importance in recent years, as a way of
restoring ecosystems and mitigating the effects of soil sealing (European
Commission, 2011). Farming in vacant lots, backyards or urban parks
establishes patches of unsealed urban areas that can help reduce run-
off, mitigate the risk of urban flooding and replenish groundwater
stocks by allowing the infiltration of rainwater. Farming on rooftops, in
particular, can reduce run-off from building roofs, moderate the Urban
Heat Island (UHI) effect and the building temperatures, reduce
pollution, neutralize acid rain, and increase the area available for
biodiversity by offsetting the green area that is lost in building
construction (Sabeh, 2016; Whittinghill, Hsueh, Culligan, & Plunz,
2016). In this context, researchers are addressing benefits and barriers
of integrating green roofing technology into urban horticulture
(Proksch, 2011; Whittinghill & Rowe, 2011), arguing that it can
maintain the economic and food security benefits of Urban and
Periurban Agriculture (UPA).

1.3.1.2. Rooftop Greenhouse (RG) farming. Building-Integrated Agriculture
(BIA) is another form of horticultural production in the cities, consisting of
the application of high-performance soilless cultivation methods adapted for
use on top of or in buildings (Puri & Caplow, 2009). Particularly, Rooftop
Greenhouse (RG) farming has been gaining popularity recently, in large
cities such as New York, Singapore and Montreal (see Fig. 2b).

Mild conditions of Mediterranean climates allow for the cultivation
of crop species with medium thermal requirements (i.e., crops that can
adapt to temperatures ranging from 17 to 28°C) in unconditioned
greenhouses, during 9 months per year (Castilla & Baeza, 2013). Con-
ventional Mediterranean greenhouses are usually made of wooden

Baseline Scenario 1

Scenario 2

Scenario 3 Scenario 4

Fig. 1. Alternative productive uses of rooftops considered in the Cost-Benefit Analysis. Baseline: unused flat roofs; Scenario 1: rooftop farming on intensive Green Roofs (GR); Scenario 2:
Unconditioned Rooftop Greenhouse (RG) farms; Scenario 3: Conditioned RG farms; Scenario 4: roof-integrated PV system (BIPV). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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C.
Fig. 2. a. Rooftop open-air farm on intensive green roof (image: ©Brooklyn Grange
Rooftop Farm, New York, USA); b. Conditioned rooftop greenhouse farm (image:
©Gotham Greens, New York, USA); c. BIPV, roof system (image: ©BIPVco, UK). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

structures with a plastic film cover, with no supplemental lighting, and
no climate control system besides natural ventilation. The integration of
such facilities into the urban fabric requires the enhancement of their
structures in order to satisfy building codes and safety standards. In
Scenario 2, we consider this type of “low-tech” RG farm, with an en-
hanced envelope but no climate control nor supplemental lighting.
Building upon the low-tech system envisioned in Scenario 2, in
Scenario 3 we consider a more advanced “high-tech” RG farm.
Controlled-Environment Agriculture (CEA) has recently become a vi-
able approach for the large-scale and year-round production of a wide
variety of crops within the built environment. Technology develop-
ments such as highly efficient spectrum-specific grow lights and com-
puter-assisted climate and crop control systems have allowed the
emergence of the world's first commercial BIA facilities over the past
decade. “High-tech” RG farms consist of state-of-the-art greenhouses
with recirculating hydroponic systems and structures made of metal
and aluminum, with glass or polycarbonate covers, typically set on
service buildings (e.g., warehouses, offices, markets, etc.). The in-
stallations are usually equipped with backup lighting, rainwater-
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harvesting systems, thermal screens, and climate control systems.
Whereas higher energy requirements and higher investment costs in
comparison with conventional industrial horticulture facilities were
identified as major limitations to the widespread implementation of
conditioned RG farms (Specht et al., 2014b; Goldstein et al., 2016),
crop productivity was shown to have a decisive role to play in achieving
environmental and economic viability of such facilities (Sanye-
Mengual, Oliver-Sola, Montero, & Rieradevall, 2015).

1.3.2. Energy generation

In Scenario 4, we envision a Roof-integrated BIPV system (see
Fig. 2¢). Faced with limited fossil fuel supplies and with the necessity to
mitigate the environmental impacts of urbanization, worldwide re-
search and development has been recently looking at ways of turning
buildings from energy consumers to net energy producers. Solar energy
is an infinite and clean resource, and scientists have been assessing
systems such as Building-Integrated Photovoltaics (BIPV), which consist
of the application of photovoltaic materials, in replacement of con-
ventional construction materials in parts of the building's envelope
(e.g., roof, facade, window, skylight). Among existing applications for
BIPV, rooftops are considered to be the ideal option, since pitched roofs
with a proper angle and orientation provide the highest energy har-
vesting (Heinstein et al., 2013). Experts at the United States Energy
Department's National Renewable Energy Laboratory (NREL) have es-
timated the potential of rooftop PV systems nationwide, concluding that
buildings' rooftops can generate almost 40% of electricity needs in the
United States (Gagnon et al., 2016).

2. Methodology
2.1. Cost-Benefit Analysis

Cost-Benefit Analysis (CBA) is a widely-used method for system-
atically assessing the advantages and disadvantages of a particular in-
tervention and its alternatives. It has previously been used for the as-
sessment of several green building technologies, such as green facades
and living wall systems (Perini & Rosasco, 2013), green roofs (Nurmi,
Votsis, Perrels, & Lehvavirta, 2016; William et al., 2016), alternative
thermal insulation materials (Mahlia & Igbal, 2010; Shekarchian,
Moghavvemi, Rismanchi, Mahlia, & Olofsson, 2012), and BIPV (Delisle
& Kummert, 2016). It is used here, as a cohesive method for comparing
the costs and benefits of the following productive use of rooftops, as an
alternative to the conventionally unused flat roofs: (1) Rooftop farms
for open-air food production (on intensive green roofs); (2) “Low-tech”
Rooftop Greenhouse (RG) farms (unconditioned); (3) “High-tech” RG
farms for controlled-environment food production; and (4) Building-
Integrated Photovoltaic (BIPV) energy systems.

This CBA includes two levels: (a) direct effects incurred by the op-
erators of the systems, i.e., investment costs, operation costs, carbon
costs, and profits generated from yields; and (b) societal effects on local
community, such as market impacts (households' savings in food ex-
penses, local jobs creation) and environmental impacts (carbon miti-
gation) (see Fig. 3). By quantifying these effects, this analysis aims to
not only assess the economic sustainability of each option, but also
reflect the societal value attached to the associated effects. This as-
sessment provides decision-makers a holistic picture of the potential
impacts of alternative project options, and can thereby assist in policy
decision making to implement the productive use of rooftops.

A 50-year Discounted Cash Flow (DCF) was evaluated for the sys-
tems, accounting for all equipment upgrades, operations and main-
tenance costs, as well as revenue received over time. A DCF is a measure
of the projected future cash flows (both costs and earnings) of an in-
vestment discounted to the present day. We assumed a 6% discount rate
based on similar cost evaluations for sustainable construction schemes
in Portugal (Real, 2010; Mendes, 2011), and a 2.5% annual inflation
based on Portuguese conditions (Braganca et al., 2007) and a similar
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Fig. 3. Two-level CBA, considering costs and benefits to the systems' operator and to the community.

study conducted in an Italian context for a green facade installation
(Perini & Rosasco, 2013). The economic viability of each scenario was
assessed through: (i) the Net Present Value (NPV), i.e., the sum of all
cash inflows and outflows for the project over the 50-year period, dis-
counted to the present; (ii) the Internal Rate of Return (IRR), i.e., the
annual percentage rate of return on investment based on the 50-year
projected cash flows; and (iii) the payback period, i.e., the period of
time required before total revenues equal or surpass total costs for the
first time.

The following sections describe the cash flows and the sources and
calculations that were used to collect respective life cycle data and
costs. The functional unit is one square meter of rooftop. The case-study
is an integrated mixed-use neighborhood for 17,500 occupants, de-
signed on a 27-ha decommissioned industrial urban site in Lisbon,
Portugal. Tomatoes were selected here as the crop produced in the
rooftop farms since tomatoes are (a) among the most widespread in-
door-grown horticultural species and (b) a large body of literature is
available that describes growing requirements and crop yields.

2.2. Costs and benefits to the system operator

To model costs and benefits incurred by the owners of the systems,
the following cash flows were considered: (1) Structure; (2) Operation;
(3) Carbon costs; and (4) Yields (see Table 1).

2.2.1. Structure

The Structure cash flow represents the costs associated with the roof-
integrated system, including: (i) the installation of the structure; (ii) its
maintenance (i.e. the upkeep and replacement of materials and equip-
ment in the system); and (iii) the end-of-life treatment of its compo-
nents. Lifecycle costs were collected through market research, by con-
sulting local manufacturers and suppliers, and using a Portuguese
database of market prices (CYPE, 2017).

As previously mentioned, literature on the use of green roofs for
urban agriculture is emerging, showing that intensive green roofs can
be adapted for food production (Proksch, 2011; Whittinghill & Rowe,
2011). Therefore, in Scenario 1 the Life Cycle Inventory (LCI) data for
intensive green roof layers was based on a study on Life Cycle

Assessment (LCA) of green roof layers (Chenani, Lehvavirtaa, &
Hékkinenc, 2014), which are conventionally composed of: (1) a wa-
terproofing membrane and a root barrier that separate the wet layers
from the underlying building rooftop; (2) a drainage layer that enables
the removal of excess water; (3) a filter fabric that prevents the drai-
nage layer from clogging with media; (4) a water retention layer; (5) a
substrate; (6) and a vegetation layer. Costs of intensive green roofs
found in the industry vary around 130 €/m?, for a lifespan of 40 years
(CYPE, 2017).

Since there are currently no RG farms in Lisbon, life cycle data of
Scenarios 2 and 3 was based on an LCA of state-of-the-art rooftop
greenhouses in Mediterranean cities (Sanye-Mengual et al., 2015), with
a steel structure, a rigid polycarbonate cover, and an internal shading
film made of a UV-treated polyethylene. Costs were adapted to Lisbon
by consulting local suppliers of the greenhouse components; a cost of
590 €/m? over a lifespan of 50 years was estimated.

As for BIPV, single-crystalline silicon-based PV modules were con-
sidered in Scenario 4, being a well-established and widely used tech-
nology for which up-to-date LCI data is available. Data from a recently
published LCA of roof-integrated PV laminates (Frischknecht et al.,
2014) was used as a basis. Similarly, unframed roof-integrated PV la-
minates were considered here, and the construction of a pitched roof
was included in the LCI. Costs for the BIPV system were found to vary
around 250€/m? over a lifespan of 25years (Frontini et al., 2015),
while a cost of around 52€/m? over a lifespan of 50 years was esti-
mated for the pitched roof, according to local construction companies
(CYPE, 2017).

2.2.2. Operation

The Operation cash flow quantifies the inputs required for the pro-
ductive use of rooftops, i.e., for food production or for energy genera-
tion.

Operation of the open-air farm in Scenario 1 includes resources re-
quired for tomato cultivation, i.e., inputs for organic field production
(organic fertilizers, compost, etc.); water and energy needs; and labor
(farmers). Data inventory was adapted from a study on Global Warming
Potential (GWP) of tomato cultivation in Spain and Italy (Theurl,
Haberl, Erb, & Lindenthal, 2014), and costs were adapted to Lisbon.
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Table 1

a. Costs and benefits to the system operator: data inventory; b. Assumptions.

Cities xxx (XXXX) XXX=XXX

Scenario Cash flow Materials inventory Lifespan Cost GWP Carbon cost Carbon cost
Before 2030 After 2030
(Years) (€/m?) (kgCO4eq/m?) (€/m? (n) (€/m?) (0)
SC 1: GR Structure Intensive green roof 40 131.45 21.712 0.22 0.76
Operation Organic fertilizer Yearly 0.17 0.0006 0.00001 0.00002
Manure compost Yearly 0.02 0.0002 0.000002 0.00001
Water (a) Yearly 0.37 3.9380 0.039 0.138
Energy (b) Yearly 0.54 0.2695 0.003 0.009
Labor (farmers) (c) (g) Yearly 2.46 // // //
Yield Crop yield, LFSC (j;) Yearly 5.50 // // //
Crop yield, SFSC (j2) Yearly 19.80 // // //
SC 2: LTBIA Structure Steel 25 78.00 17.723 0.177 0.62
Polycarbonate 10 13.21 2.734 0.027 0.096
Polyethylene 4 5.84 0.061 0.0006 0.002
Climate screen 4 22.48 0.053 0.0005 0.0019
Concrete 50 0.25 4.080 0.408 0.143
Operation Growing equipment 3 4.31 0.026 0.0003 0.0009
Substrate Yearly 0.70 0.011 0.0001 0.0004
Fertilizers Yearly 0.91 0.027 0.0003 0.001
Pesticides Yearly 0.53 0.0005 0.00001 0.00002
Water (a) Yearly 1.88 8.088 0.0809 0.2831
Energy (b) Yearly 0.84 2.044 0.0204 0.0715
Labor (farmers) (d) (g) (h) Yearly 4.66 // // //
Yield Crop yield, LFSC (k;) Yearly 22.40 // // //
Crop yield, SFSC (k2) Yearly 55.72 // // //
SC 3: HTBIA Structure Steel 25 78.00 17.723 0.177 0.62
Polycarbonate 10 13.21 2.734 0.027 0.096
Polyethylene 4 5.84 0.061 0.0006 0.002
Climate screen 4 22.48 0.053 0.0005 0.0019
Concrete 50 0.25 4.080 0.408 0.143
Operation Growing equipment 3 11.71 0.071 0.0007 0.0025
Substrate Yearly 1.71 0.026 0.0003 0.0009
Fertilizers Yearly 2.23 0.067 0.0007 0.0023
Pesticides Yearly 1.31 0.0013 0.00001 0.00004
Water (a) Yearly 1.11 4.788 0.0479 0.1676
Energy (b) Yearly 7.43 18.058 0.1806 0.623
Labor (farmers) (e) (h) Yearly 5.74 // // //
Yield Crop yield, LFSC (k;) Yearly 54.72 // // //
Crop yield, SFSC (kz) Yearly 136.12 // // //
SC 4: BIPV Structure Sloped roof 50 52.00 2.160 0.02 0.08
BIPV system 25 250.00 21.840 0.22 0.76
Operation Labor (0&M) () (i) Yearly 0.02 // // //
Yield FiT period () 15 28.50 // // //
After FiT period (m) 10 13.47 // // //
Assumptions Sources
(@ Water for industry and agriculture (Portugal) €/m’ 1.6749 (EPAL, 2017)
(b) Electricity for industry (Portugal) €/kWh 0.1402 (PORDATA, 2015a)
(c) Labor SC.1: Open-air farming ppl/m2 0.00031 (de Mourao, 2007; Instituto Nacional de Estatistica, 2002)
@ Labor, SC.2: Greenhouse farming, low yields ppl/m? 0.0005 (Resh, 1978)
(e) Labor, SC.3: Greenhouse farming, high yields ppl/m2 0.0005 (Resh, 1978)
(63) Labor, SC.4: BIPV system maintenance ppl/m? 0.0001 (IEA, 2002)
(€3] Agriculture, non-qualified workers €/y 7898.80 (PORDATA, 2015b)
(h) Agriculture, qualified workers €/y 11,473.00 (PORDATA, 2015b)
(0 Energy industry, qualified workers €/y 1393.10 (PORDATA, 2015b)
(1) Organic tomato, farmer to retailer €/kg 1.00 (Arsenio, 2014)
(2) Organic tomato, retailer to consumer €/kg 3.60 Local grocery stores
(k7)) Non-organic tomato, farmer to retailer €/kg 0.80 (Silva, 2015)
(k2) Non-organic tomato, retailer to consumer €/kg 1.99 Local retailers
o PV Feed-in Tariff (Portugal), 15 years €/kWh 0.0950 (Ordinance 20, 2017)
(m) Average market electricity price €/kWh 0.0499 (SIMEE, 2015)
(n) Carbon tax, before 2030 €/kg 0.010 (Pereira, Pereira, & Rodrigues, 2016)
(0) Carbon tax, after 2030 €/kg 0.035 (Pereira et al., 2016)

Similarly, in Scenarios 2 and 3, operation of RG farms includes: inputs
required for hydroponic cultivation (PVC channels, seeds, growing media,
etc.); water and energy needs; and labor (farmers). In Scenario 2, while the
envelope materials were enhanced (in comparison with conventional rural
greenhouses) in order to satisfy municipal regulations, these “low-tech”

RG farms were assumed to have no supplemental lighting system and no
climate control. Energy needs are therefore significantly lower than in

Scenario 3.

Costs of farming materials and equipment were provided by local
suppliers. We assumed a price of 1.6749 €/m> for water, according to
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the water sell price for industry and agriculture from the water supply
concessionaire of Lisbon (EPAL, 2017). We assumed an electricity price
of 0.1402€/kWh, based on national statistics on electricity prices for
industrial consumers (PORDATA, 2015a). Respective labor require-
ments were defined for each cultivation system, based on existing sta-
tistical data and literature (Instituto Nacional de Estatistica, 2002; de
Mourao, 2007; Resh, 1978). Wages for qualified and non-qualified
workers in the agriculture sector were found in national statistics on
employment and labor market (PORDATA, 2015Db).

Finally, in Scenario 4, BIPV operation requires workers for the
maintenance of the system. Labor requirements were obtained from a
study on economic evaluation of BIPV systems (IEA, 2002); wages of
qualified workers in the energy industry were found in national sta-
tistics (PORDATA, 2015b).

2.2.3. Carbon

The Carbon cash flow accounts for the environmental impacts as-
sociated with the structure and operation of each alternative rooftop
system. Lifecycle GWP was modeled for each system. A carbon tax was
then assumed, in order to estimate carbon costs for each scenario.

As a member state of the European Union (EU), Portugal is subject
to the EU climate-energy policy regulation. In 2014, the Portuguese
government designated a Commission for Environmental Tax Reform
(CFRV) that formulated a carbon tax proposal to help the country meet
the EU's target for emissions reductions by 2030 (CFRV, 2014). An
important part of carbon emissions in the Portuguese economy are
covered by the EU's Emissions Trading System (EU-ETS). In order to
prevent distorting market incentives across EU-ETS covered and non-
covered sectors, the CRFV Commission indexes the carbon tax to the
EU-ETS (Pereira et al., 2016).

Therefore, following the official EU projections for the EU-ETS
carbon prices (i.e., a carbon tax of 10 €/tCO, by 2020, leveling off at 35
€/1tCO, from 2030 onwards) (European Commission, 2014b), we as-
sumed a carbon tax of 10 €/tCO,, from 2017 to 2030, and of 35 €/tCO,
for the remaining years of the project's lifespan.

2.2.4. Yield

The Yield cash flow quantifies the economic value of the outputs of
rooftops' productive use, i.e., of food harvested or energy generated. In
the food production scenarios, two distribution alternatives were
modeled:

(A) Long Food Supply Chains (LFSC), where crops are sold from farmer
to retailer, at the average producer sell price;

(B) Short Food Supply Chains (SFSC), where crops are sold at farmers'
markets directly to the consumer, at the average retail price.

In Scenario 1, a potential annual crop yield of 5.5kg/m?/y and an
average sell price of 1€/kg from producers to retailers were assumed,
based on a recent study on organic field tomato in Portugal (Arsenio,
2014); an average retail price of 3.60€/kg was obtained from local
organic grocery stores.

In Scenario 2, a potential annual crop yield of 28 kg/m?/y was as-
sumed, based on existing literature on “low-tech” greenhouse tomato
production under Mediterranean climates (Peet & Welles, 2005). In
Scenario 3, a potential annual crop yield of high-tech RG farms of 68 kg/
m?/y was assumed, based on simulation results from a recently pub-
lished study on BIA farms in Lisbon (Benis, Reinhart, & Ferrao, 2017) —
10% of the simulated yield of 76 kg/m?/y was conservatively assumed
here to be non-marketable. An average tomato sell price from producers
to retailers of 0.80 €/kg was assumed, based on a recent publication of
the Portuguese Association of Horticulture (Silva, 2015); and a retail
price to consumers of 1.99 €/kg was assumed, based on data collected
from local retailers.

For BIPV, the annual energy yield was modeled for the site with
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DIVA-FOR-RHINO v4 (Solemma, 2016) which uses the EnergyPlus
photovoltaic model to simulate solar energy generation potential; a
yield of 300 kWh/m?/y was obtained. It was assumed that the system
feeds all the generated energy to the grid. In Portugal, electricity pro-
ducers receive Feed-in Tariffs (FiT), through a reverse auction process
that is capped at the reference tariff set at 0.095€/kWh in 2015
(Ordinance 15, 2015) and is still applied in 2017 (Ordinance 20, 2017).
Solar systems receive 100% of this reference tariff for a period of
15years. After that period, the produced electricity is remunerated
through the energy market, receiving 90% of the market price (Decree-
Law 153, 2014). The average market price of 2015 was considered
here, i.e., 0.0499€/kWh (SIMEE, 2015). While this CBA considers
current prices, it is important to note that energy prices are expected to
grow throughout the coming years, driven by the increase of fossil fuel
prices coupled with needed investment into infrastructure and gen-
eration capacity, before stabilizing and then decreasing as fossil fuels
are replaced by renewable energy sources (European Commission,
2014a).

2.3. Costs and benefits to the community

The societal effects that were considered are separated into two
categories: (1) market impacts, including food cost savings to the local
households, local jobs creation, and impacts on the surrounding real
estate value; and (2) environmental impacts, namely global warming
potential and land use (see Table 2).

2.3.1. Market impacts

2.3.1.1. Savings. The Savings cash flow estimates the savings to the
local residents resulting from the productive use of rooftops within their
own neighborhood.

Previous research has shown that urban agriculture saves consumers
money on their food expenditures (Blair, Giesecke, & Sherman, 1991).
Short supply chains through partnerships between farmers and con-
sumers, such as Community-Supported Agriculture (CSA), are increas-
ingly acknowledged in Europe as an alternative to the unsustainable
global food system. CSA consists of a network of consumers that support
a local farm by sharing operation costs (i.e., production inputs and
labor) and periodically receiving a share of the harvest in return. Re-
searchers showed that CSA subscribers could save up to 150% of share
prices compared to equal quantities of produce purchased at conven-
tional retailers (Cooley & Lass, 1998). For Scenarios 1, 2 and 3, savings
to the local community in food expenditure were accounted for by
comparing the share to be paid by potential CSA members per square
meter of rooftop area, to the expenditure for the same amount of to-
mato over the 50-year project lifespan if the tomatoes were purchased
at conventional suppliers. Average conventional retail prices were ob-
tained from local suppliers — 3.60 €/kg for organic tomato (Scenario 1),
and 1.99 €/kg for non-organic tomato (Scenarios 2 and 3).

No savings to the community were considered in Scenario 4, since
there are no additional energy savings associated with local PV gen-
eration beyond the ones already captured by the LCA. An exception
would be if municipalities provide a specific incentive for community
owned PV installations which is currently not the case in Portugal.

2.3.1.2. Jobs creation. The Jobs Creation cash flow estimates the impact
of productive uses of rooftops on employment within the local
community, i.e., jobs created if conventional unused flat roofs of the
neighborhood were to be replaced by RG farms or BIPV systems. Based
on existing literature (Marrana, Silvestre, De Brito, & Gomes, 2017),
maintenance labor costs of conventional flat roofs over 50 years were
assumed to be negligible. Therefore, jobs creation benefits to the
community correspond to the jobs quantified in Section 2.2.2. for the
operation and maintenance of the four alternative systems.

2.3.1.3. Property value. Another relevant effect is the impact of the
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Table 2

a. Costs and benefits to the community: data inventory; b. Assumptions.

Cities xxx (XXXX) XXX=XXX

Scenario Cash flow Lifespan Cost
(Years) (€/m?)
SC 1: GR Savings ® (@ Yearly 16.24
Jobs creation Jobs (agriculture) Yearly 2.46
GWP mitigation Before 2030 (£) (v) Yearly 0.13
After 2030 (w) (v) Yearly 0.45
SC 2: LTBIA Savings ) (s) Yearly 44.75
Jobs creation Jobs (agriculture) Yearly 4.66
GWP mitigation Before 2030 () (v) Yearly 0.07
After 2030 (w) (v) Yearly 0.25
SC 3: HTBIA Savings ) () Yearly 112.69
Jobs creation Jobs (agriculture) Yearly 5.74
GWP mitigation Before 2030 () (v) Yearly —0.06
After 2030 (u) (v) Yearly -0.20
SC 4: BIPV Savings // // //
Jobs creation Jobs (energy) Yearly 0.02
GWP mitigation Before 2030 () (w) Yearly 1.14
After 2030 (u) (w) Yearly 3.98
Assumptions Sources
®) Organic tomato, farmer to retailer €/kg 1.00 (Arsenio, 2014)
@ Organic tomato, farmer to consumer €/kg 3.60 Local grocery stores
(3] Non-organic tomato, farmer to retailer €/kg 0.80 (Silva, 2015)
(s) Non-organic tomato, farmer to consumer €/kg 1.99 Local retailers
® Carbon tax, before 2030 €/kg 0.010 (Pereira et al., 2016)
(D] Carbon tax, after 2030 €/kg 0.035 (Pereira et al., 2016)
W) GWP tomato supply (farm operation + transport) kgCO2eq/kg 1.042 (Benis et al., 2017)
w) Emission factor Portuguese electricity mix kgCOzeq/kWh 0.379 (IEA, 2015)

productive use of rooftops on real estate value of the surrounding
properties. In other words, does the presence of either localized rooftop
food or energy production systems add to the desirability of the
neighborhood? To our knowledge there have been no empirical
studies to date assessing the impact of BIA or onsite energy
production facilities on the market value of surrounding real estate
properties. Therefore, the impact on property value was not included
here in quantitative terms, but only considered qualitatively.

2.3.2. Environmental impacts

2.3.2.1. Global Warming Potential (GWP). The GWP cash flow is a
quantification of the added GHG emissions associated with each
scenario as a result of the onsite production in comparison to
conventional production of either produce or energy. Operation-
related GWP of the alternative productive uses of rooftops (previously
modeled to estimate carbon costs in Section 2.2.3.), were assessed
against GWP of the existing supply chain of the tomato that is imported
to Lisbon for Scenarios 1, 2 and 3, and against GWP of the current
Portuguese electricity mix for Scenario 4.

Currently, 70% of the fresh tomatoes consumed in Lisbon come
from domestic production while the remaining 30% are imported,
mainly from Spain (over 90%) and Northern Africa, reaching the city
through road transportation (Instituto Nacional de Estatistica, 2014). In
these Mediterranean countries, it is mostly produced in unconditioned
rural greenhouses. A GWP of 1.042 kgCO-eq/kg was estimated for the
Lisbon supply chain for tomatoes (Benis et al., 2017). Considering a
carbon tax of 10 €/ton until 2030, and of 35 €/ton from 2030 onwards
(see Section 2.2.3.), annual benefits to the society from GWP mitigation
were estimated.

2.3.2.2. Land use. In addition to GWP, other local environmental
indicators such as land use should be considered, in order to measure
environmental impacts of the alternative scenarios in a comprehensive
way.

Land is a vital part of ecosystems. It is crucial for biodiversity and

the carbon cycle, and essential to most human activities, which use it as
a natural and/or economic resource. One can hypothesize that putting
rooftops to use for food production and energy generation will reduce,
to some degree, the demand for rural open land parcels to grow food.
While urban agriculture is not likely to replace rural farming altogether,
it will allow some open space areas to be used for other purposes or
restored into critical ecological habitats. However, as environmental
services provided by soils are not priced in the markets, effects related
to land use were not quantified here, but only considered in a quali-
tative way.

3. Results
3.1. Economic sustainability of food production vs. energy generation

The economic sustainability of alternative productive uses of roof-
tops depends on yields and prices. Here, optimal yields were modeled,
assuming unshaded rooftops with optimal solar radiation conditions. In
reality, these yields can fluctuate due to shadings on the rooftops from
surrounding buildings or structures, or variations in weather condi-
tions. As for prices, current average market prices for tomatoes and for
electricity were considered. In Scenarios 1, 2 and 3, tomato crops were
assumed to be sold at current producer and retailer prices; in Scenario 4,
the electricity generation system was assumed to receive a Feed-in-
Tariff, according to the latest Portuguese regulation.

Table 3 summarizes the results of the CBA to the system operator.
While BIPV led to a positive NPV, results of the food production sce-
narios varied according to the supply chains considered. Due to the very
high productivity of conditioned RG farms, Scenario 3 led to a positive
NPV both in long and short food supply chains. On the other hand,
organic field farming and soilless cultivation in unconditioned RG farms
only led to a positive NPV in the case of short food supply chains, where
the yield is sold directly to the final consumer, providing a larger
margin of profit to the producer.

The disaggregation of NPV for all the scenarios provides some
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Table 3
Economic performance indicators of the four productive uses of rooftops.

NPV (€/m?) IRR (%) First payback
year
SC. 1. GR A. Long food supply —96.44 0 30
chain (LFSC)
B. Short food supply 233.29 16 8
chain (SFSC)
SC. 2. LTBIA A.LFSC —-77.99 1 //
B. SFSC 690.30 36 4
SC. 3. HTBIA A. LFSC 360.62 23 6
B. SFSC 2237.46 96
SC. 4. BIPV 163.40 11 10

insights into the relative contribution of each cash flow to the overall
result (see Fig. 4). Over 50 years, while BIA structure costs represent
half of BIPV structure costs, operation costs of the RG farms are much
higher. This is the case because BIPV systems only require periodic
cleaning and maintenance, while the farms require workers on a daily
basis. However, profits generated by BIA yields largely compensate for
this difference. Moreover, high operation costs of BIA are also due to
the short lifespan of hydroponic cultivation equipment, which needs to
be replaced every three years (see Table 1), and to the energy needs for
climate control (i.e., lighting, heating and cooling) in order to achieve
year-round high productivity levels in the greenhouse (Benis et al.,
2017).

3.1.1. Open-air farming on intensive green roof

Scenario 1 considered organic field production. Such systems lead to
lower yields, in comparison with indoor soilless cultivation systems (5
to 12 times lower for tomatoes, specifically). On the other hand, organic
produce is sold at a higher market price than its non-organic counter-
part. As soilless-grown crops cannot be awarded organic certification,’
this price difference can contribute to compensating for the lower
yields, turning organic cultivation more attractive to producers.

On the consumption side, researchers have identified that
Portuguese consumers are increasingly dissatisfied with conventional
foods (as opposed to organic), and growing more concerned about en-
vironmental and health issues associated with food. At the same time,
they are showing higher levels of trust in organic processes and certi-
fication labels (Ventura-Lucas & Marreiros, 2013). Studies of Portu-
guese consumer behavior show that people have a positive opinion of
organic food and some are willing to pay a premium for healthier food
(Ventura-Lucas & Marreiros, 2013; Tranter et al., 2009).

Therefore, in the case of open-air farming on green roofs, higher
prices of the locally produced organic tomato can be considered, as-
suming a short supply chain where the consumer buys the produce
directly from the urban farmer, allowing a larger profit margin for the
latter, and a positive NPV, i.e., the economic viability of such a system.

3.1.2. “Low-tech” RG farming

Scenario 2 modeled unconditioned greenhouses, considering a
yearly crop period of only nine months since it is more difficult to grow
tomatoes in such greenhouses through the warm summer months in
Mediterranean regions (Sanye-Mengual et al., 2015). These “low-tech”
RG farms are common in Mediterranean countries, where climate is
mild and solar radiation conditions are favorable for greenhouse hor-
ticultural production. Since yields cannot be enhanced through con-
trolled-environment, higher tomato prices can help increase the profit
margin. Here, the economic sustainability of unconditioned rooftop
farms has been shown to be achievable in SFSC.

1 European regulation 889,/2008/EC defines organic cultivation as a process consisting
of nourishing the plants through the soil ecosystem, and therefore does not allow soilless
cultivation to receive organic certification (European Commission, 2008).

Cities xxx (XXXX) XXX=XXX

When considering LFSC, the analysis led to a negative NPV, even
when assuming an optimal yield of 28 kg/m?/y. The non-viability of
such structures is mainly due to the high initial investment costs. Urban
rooftop greenhouses are exposed to greater wind forces than similar
ground-based rural greenhouses. Therefore, they are required to be
heavier to create a stable structure that satisfies building codes and
safety requirements. The greater material input in the construction
makes them more expensive to build. In addition to higher initial
construction costs, the materials of the greenhouse envelope, such as
the polycarbonate cover or the polyethylene climate screen, have
shorter lifespans and therefore need to be replaced more frequently.
This is important because the quality of the material impacts the solar
radiation penetration of the facility, which directly impacts the
Photosynthetically Active Radiation (PAR) that reaches the plants, ul-
timately affecting the crop yields.

3.1.3. “High-tech” RG farming

In Scenario 3, the very high productivity of conditioned greenhouses
has led to a positive NPV in both LFSC and SFSC cases. This outcome
has to be analyzed cautiously, as distributing such large amounts of
produce might require widening the disposal area, leading to a “not-so-
local” food system where food would travel longer distances, requiring
conditioned storage, and eventually ending-up being more harmful to
the environment than rural produce that travels to the city. To avoid
this pitfall, crop diversification can be a solution. Large-scale com-
mercial BIA farms in cities like New York and Montreal have adopted
this strategy, selling food baskets — containing different types and
quantities of fresh local produce - to their subscribers. Ultimately, this
model has the potential to locally meet a substantial share of the de-
mand of urban dwellers in vegetables.

3.1.4. BIPV

On south-oriented unshaded rooftops, BIPV is economically viable
under Mediterranean climates (where solar radiation conditions allow
for high yields), current state of technology, and market prices.
However, determining whether BIPV is more profitable than BIA re-
quires site-specific assessments.

3.2. Social impacts of food production vs. energy generation

Quantification of societal impacts can be challenging, and requires
expanding the scope of analysis to be accurately accounted for all the
resultant community costs and benefits. Our analysis shows that when
comparing overall benefits provided by each scenario to the local
community — in this case, the neighborhood — benefits provided by BIA
can be substantially higher than benefits provided by BIPV (see Fig. 5).

3.2.1. Savings

The primary benefit is in the form of savings resulting from local
food availability. To account for savings allowed by a short food supply
chain, CSA was considered here, where subscribers pay a share of the
rooftop farm costs and receive a share of the harvest in return. While
determining the price of CSA shares is essential to the viability of the
farm, it can be challenging task, as it depends on the willingness to pay
of the shareholders.

The annual demand for fresh tomatoes in Portugal is 10.4 kg/capita
(Instituto Nacional de Estatistica, 2014). Considering average retail
values (i.e., retail prices that consumers would pay for their produce at
conventional suppliers of organic and non-organic tomatoes) annual
expenditures for fresh tomatoes were calculated and the NPV over
50 years was estimated for these expenditures. If this demand was to be
met through rooftop farming, for each of the farming systems — organic
field cultivation (Scenario 1), soilless cultivation in unconditioned
greenhouse (Scenario 2), or soilless controlled-environment agriculture
(Scenario 3) - it would require areas of 1.89, 0.37 and 0.15 square
meters, respectively. Assuming that CSA shares cover the previously
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Fig. 4. NPV of the four productive uses of rooftops. For scenarios 1-3, the results are presented for both (A) long food supply chain and (B) short food supply chain.

calculated structure, operation, and carbon costs, share prices were
determined for these areas. Furthermore, seasonality was taken into
account in Scenario 1, where open-air field farming only allows for 6-
month crop seasons; and in Scenario 2, where unconditioned green-
houses only allow tomato cultivation for 9 month per year. In these
cases, CSA only meets partially the demand of shareholders, who have
to purchase their produce at conventional retailers for the remaining
months of the year.

It was found that CSA can lead to savings of 27 to 72% of current
retail values (see Table 4). Seasonality resulting in substantially lower
savings in Scenarios 1 and 2 in comparison with Scenario 3, where the
controlled environment allows for year-round crop cultivation.

Going further, this analysis can be extended to a larger set of crops,
to assess savings provided by CSA if baskets of diversified produce were
provided to the shareholders. Prices, yield productivity, and seasonality
of crops will play an essential role in determining to what extent can
open-air field farming or soilless cultivation in unconditioned green-
houses provide savings to the CSA members, in comparison with con-
trolled-environment agriculture.

However, it is important to note that while small-scale urban
farming has been widely recognized to provide social benefits to local
communities (Proksch, 2011; Eigenbrod & Gruda, 2015), such a state-
ment cannot be systematically extrapolated to BIA, which usually in-
volves large-scale profit-oriented ventures, that can have difficulties
finding a place in the urban space due to their novelty. For instance, a
survey on social acceptance of different types of urban agriculture
businesses by urban dwellers in Berlin, has led to the conclusion that
residents are more likely to reject the implementation of high-tech
commercial-scale BIA projects in their neighborhoods and to perceive
hydroponically-grown fruits and vegetables as unnatural and unhealthy
products, due to their growing environment, without soil and sur-
rounded by urban pollution (Specht, Weith, Swoboda, & Siebert, 2016).
At the same time, flourishing examples of high-tech commercial rooftop
farms in major cities worldwide are leading the way towards social
acceptance of large-scale BIA (Buehler & Junge, 2016).

3.2.2. Jobs creation

As for local jobs creation, BIA requires year-round full-time workers
in the greenhouses, while BIPV only involves periodic interventions for
the maintenance of the system. Therefore, BIA potentially leads to the
creation of up to five times as many jobs as compared to BIPV.

The creation of jobs has additional community benefits that are
unquantified in this CBA, but still worth considering. For example,
partnerships with social service organizations can be forged to create
job training programs. Similarly, the greenhouses can work with local
schools, and provide opportunities for youth to get involved in the fa-
cility and learn about growing. In other words, the greenhouses can

serve as an amenity in the neighborhood where residents can actively
engage.

3.2.3. Property value

Studies show that sustainable design features, in addition to being
environmentally beneficial, increase the property value of real estate.
Buildings with sustainability certifications (such as LEED and BREEAM)
or energy efficiency certifications (like EnergyStar) command a fi-
nancial premium over conventional buildings in both the commercial
and residential sectors (Deng & Wu, 2014). Empirical studies of certi-
fied buildings show that the sales transaction price of commercial
properties increases by 5-25% (Eichholtz, Kok, & Quigley, 2010; Fuerst
& Mecallister, 2011; Chegut, Eichholtz, & Kok, 2014). Similarly, in the
residential sector, the sales transaction price for certified buildings are
2-17% higher than their non-certified counterparts (Deng, Li, &
Quigley, 2012; Zheng, Wu, Kahn, & Deng, 2012; Kahn & Kok, 2014).

Sustainability certifications represent the culmination of many in-
dividual sustainable design features, from the energy and water saving
measures to the ecological design. Therefore, one can posit that the
premium associated with a sustainability certification is, in fact, at-
tributed to the individual design features — such as BIA and BIPV - that
it represents.

While we are not aware of any studies conducted on the real estate
value associated with BIA, for community gardens we know this to be
true. Studies investigating the relationship between urban farming and
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Table 4
Savings to the community in food expenditure, allowed by CSA.

Cities xxx (XXXX) XXX=XXX

Demand for fresh tomato 10.40

kg/cap/y

To meet the demand...

Organic Non-organic

SC1 SC2 SC3

34.77
—900.74

20.70
—497.91

Yearly expenditure
NPV over 50 years

€/cap/y
€/cap

Rooftop area needed
CSA subscription share
Savings

1.89
—211.08
27

0.37
—165.61
42

0.15
—137.01
72

m?/cap

%

* Structure + operation + carbon costs.

real estate value have found a positive correlation between the presence
of urban farming and the economic value of surrounding properties
(Tranel & Handlin, 2006; Voicu & Been, 2008). According to a study on
a sample of 636 community gardens in the city of New York, the es-
tablishment of a community garden increased nearby property values
(those within 300 m of the garden) by up to 9.4% within five years after
the opening of the garden (Voicu & Been, 2008).

To our knowledge there have been no similar empirical studies to
date assessing the impact of enclosed BIA or onsite energy production
facilities on the market value of surrounding real estate properties as
they add to the desirability of a neighborhood. We hypothesize that a
similar increase in value can be associated with BIPV given the gen-
erally positive perception that the public has of sustainable technology.
However, we suspect that the agricultural system might have a greater
premium compared to BIPV systems because residents of the area can
participate actively in the growing activities, it may be seen as an
amenity for the community.

While urban economic growth and increasing property values have
a complex impact on a neighborhood, the inherent neighborhood effect
of changing property value is beyond the scope of this paper. In this
study, we understand increased property value to be an index of de-
sirability. Thus, when property values go up, it indicates a general
positive perception of the added amenity.

3.2.4. GWP

The carbon savings, representing the emissions reductions of each
scenario as compared to conventional production of either produce or
energy, represent the smallest share of the societal benefits.

While GWP mitigation per square meter of rooftop is positive in
Scenarios 1 and 2, in Scenario 3 the result is negative, meaning that
“high-tech” RG farms are more harmful to the environment when
compared - in terms of area — to other productive uses of rooftops. This
is due to the higher energy requirements of controlled-environment
cultivation. In a previous article where different forms of BIA were
compared to the current conventional supply chain for tomatoes in
Lisbon (Benis et al., 2017), conditioned RG farms were found to po-
tentially cut CO, emissions in half. It is important to note that while we
are analyzing the production by area, the referenced work considers
comparing carbon intensities per kilogram of produce.

Energy generation led to over tenfold greater savings per square
meter of rooftop, in comparison with food production (see Fig. 6).

3.2.5. Land use

In a recently published LCA of the Lisbon Metropolitan Area (LMA)
food system, the vegetables supply chain was estimated to be accoun-
table for a Land Use (LU) of 23.4 mz/cap/year (Benis & Ferrao, 2016).
The integration of horticultural production into urban buildings re-
quires no additional land than the land already occupied by the
buildings. Similarly, BIPV does not require any additional land than the
footprint of the host buildings. One can therefore hypothesize that both
BIA and BIPV may lead to environmental benefits by alleviating the
demand for fertile agricultural land and reducing land impacts from
fossil fuel developments, consequently restoring habitats and improving
biodiversity. Modeling an economic valuation of these trade-offs is a
challenging task, since the environmental services provided by soils are
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Fig. 6. GWP mitigation, allowed by the productive use of rooftops.

not priced in the markets (Marta-pedroso, Domingos, Freitas, & De
Groot, 2007).

4. Discussion and final considerations

This article has presented a comparative CBA of rooftop food pro-
duction against roof-integrated solar PV energy generation, setting the
foundation for systematic comparison of alternative productive uses of
rooftops in urban contexts to understand their individual impacts. Here,
the CBA was applied to Lisbon, as an example of Mediterranean cities.
However, the method used could be applied to any other urban area
worldwide, as long as the inputs of the model are known.

Under the modeled conditions and given the selected items of
comparison, results have shown food production to be more beneficial
than energy generation for both the owner of the system and the local
community in terms of financial return and local job creation. In par-
ticular, the results show that rooftop greenhouse farming (envisioned in
Scenarios 2 and 3) can provide significant benefits when assessed from a
holistic perspective that accounts for impacts on both the operator and
the local community. From the operator's perspective, the cost of these
systems is greater than that of green roof and rooftop solar arrays
(Scenarios 1 and 4, respectively). However, the produce yield is sig-
nificantly higher and leads to more profit. Aside from the economic
benefits to the operator, these systems are also more beneficial to the
local community, serving as an abundant source of localized produce
(saving the local consumers in terms of money and carbon as compared
to conventionally-sourced produce) and creating local jobs. It should be
noted that for all cases considered, the outcomes of the CBA are highly
site-specific, depending on yields, which vary according to local con-
ditions such as solar radiation; and technology-specific, depending on
the efficiency of the system.
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Going forward, additional indicators such as land use or impacts on
energy and freshwater resources should be considered in order to
measure environmental impacts of each system in a more comprehen-
sive way. At the same time, it is critical that the societal impacts
(sometimes characterized as externalities or secondary impacts) are
assessed alongside direct economic impacts, in order to consider the full
costs and benefits of the systems being assessed.

Whereas renewable energy integration has been widely addressed in
planning and policy studies, BIA is an emerging field on which very few
quantitative studies have been conducted so far to inform policy-
making. The following sections focus therefore on BIA, highlighting its
relevance and outlining policy recommendations for its implementation
on urban rooftops.

4.1. BIA as an emerging opportunity to feed our growing cities

For millennia, agricultural areas and urban settlements have
evolved hand in hand as two interconnected entities, with rural farmers
supplying urban markets, turning waste into manure, and sustaining
urban prosperity through innovations ranging from the complex un-
derground canal irrigation systems of the Middle East to the Aztec's
artificial productive lake islands. Historically placed close to the cities
in order to facilitate access to crops and animals and enable waste
management, agriculture started sprouting up within cities many cen-
turies ago, in informal or planned forms, from the sumptuous gardens
that fed the monarchs of Versailles to the allotment gardens that pro-
vided food to the working classes of the 19th and 20th century in-
dustrial cities. Yet whether informal or planned, agriculture had to
permanently adapt to urban sprawl, sometimes resulting in innovative
cultivation practices that intensified yields, such as the transformation
of swampland into productive gardens in the Marais district of Paris as
early as in the 12th century (Lawson, 2016). However, in spite of in-
novation and crop intensification, rising urban land costs, cheap fuel
and improved transport infrastructure led farmers in Paris and else-
where to relocate in the urban outskirts. Under current urbanization
pace and climate change issues, available land is expected to decrease,
while the demand for fresh and healthy fruits and vegetables will in-
crease with growing populations. To meet the demand in an en-
vironmentally and economically sustainable way, horticultural pro-
duction units will have to find creative ways of adapting again to urban
environments, and this time more than ever tackling the challenge of
achieving high productivity in (very) limited areas.

Urban planning will have an important role to play in optimizing
the resource efficiency of urban farms by integrating them early in the
planning process. From Ebenezer Howard's concept of the Garden Cities
as self-contained communities surrounded by greenbelts (Howard,
1898), to Frank Lloyd Wright's unbuilt suburban utopia Broadacre City
in which plots of land were allocated to residents for food production
(Wright, 1932), a few attempts were made to integrate agriculture into
urban planning. The most recent one, the Continuous Productive Urban
Landscape (CPUL), is an urban design concept that promotes the in-
troduction of interlinked productive landscapes into urban areas as an
essential component of sustainable urban infrastructure. Linking ex-
isting open space and vacant sites into a linear landscape that connects
to the countryside, the concept emerged in 2004 out of design research
on the role of urban agriculture within urban design, conducted by the
architects André Viljoen and Katrin Bohn at a time when connecting
food and urban planning was unusual (André Viljoen & Bohn, 2005,
2009). While envisioning the city as a “farm” might sound anachro-
nistic in our modern societies, the authors have been looking beyond
our era of cheap oil, towards a future where expensive transportation
and a damaged environment will exacerbate the challenge of feeding
our growing cities. As a unique tangible example of surviving peak oil
by building food resilience, Viljoen and Bohn have documented Cuba's
urban agriculture experience. Whereas the country had developed a
Western intensive agriculture model, such a system became unfeasible
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after the economic collapse in the early 1990s, and the Cuban agro-food
system had to be fully redesigned. Today, it is more than 80% organic,
and urban agriculture has largely contributed to national food security,
almost two-thirds of Havana's fresh vegetables being now produced
within the city's community gardens, balconies and rooftops. With all
these food production landscapes woven into its urban fabric, Havana
constitutes an unprecedented example of a holistic approach to re-
thinking unutilized urban space for productive means, achieved
through the combination of top-down government support and bottom-
up citizen participation.

Worldwide, contemporary urban constraints such as rising pressure
on land, soil and air contamination, water scarcity, and food deserts, are
shaping a new era where urban agriculture is expected to feed an urban
future while coping with climate change. Whereas current perception of
urban agriculture includes both conventional low-yield open-air culti-
vation practices and high-yield controlled-environment building in-
tegrated systems, the latter are likely to play an increasingly funda-
mental role in achieving food resilience, due to their potential to satisfy
a larger share of the demand. It is therefore essential to integrate them
into sustainable design practices. In this context, the idea of BIA as a
viable solution to feed cities is gaining momentum among some of those
who believe that current sustainable farming methods will not be suf-
ficient or the most effective method to meet the demand for food of a
growing global population (Despommier, 2013). At the same time, al-
though it is a relatively embryonic area, numerous research questions
are already emerging around BIA, from uncertainties about its en-
vironmental and economic sustainability (Goldstein et al., 2016; Sanye-
Mengual et al., 2015; Specht et al., 2014a; Nadal et al., 2017) to its
scalability and integration into urban planning strategies (Grewal &
Grewal, 2012; Orsini et al., 2014; Buehler & Junge, 2016; Specht et al.,
2015).

Only very recently has BIA been promoted as a means of generating
economic value from otherwise unutilized urban space, like rooftops or
decommissioned industrial or commercial sites, by turning them into
productive spaces that can contribute to vitalize local economies
(Specht et al., 2014b; Mandel, 2013; Thomaier et al., 2014). Seizing the
opportunity, pioneer BIA farms have been sprouting up over the past
decade in different types of urban areas, from American Rust Belt cities
where urban farming movements have been integrated into the effort
for urban regeneration, to vibrant cities like New York, London or
Amsterdam, which populations are not only highly aware and suppor-
tive of initiatives that promote sustainability and healthy lifestyles, but
do also have more purchasing power. However, neither the replicability
of these start-ups nor the economic viability of BIA have been fully
demonstrated yet, and this is mentioned in the literature as a major
barrier to the large-scale implementation of BIA in urban contexts
(Eigenbrod & Gruda, 2015). This article sets the stage for the holistic
assessment of alternative solutions, integrating environmental and
socio-economic dimensions, and putting BIA into perspective by com-
paring it to alternative uses of urban vacant space.

4.2. Policy recommendations

Building resilient urban systems will involve the development of
urban standards that consider the integration of sustainable high-yield
local food production and clean energy generation into urban projects.
By evaluating the systems holistically, decision makers will recognize
that our building rooftops can provide measurable benefits both to the
operators and the community. In this way, the rooftops — currently an
underused resource — can be activated as a valuable amenity for our
cities. Based on CBA assessments, policy may include the following
actions.

4.2.1. Including productive rooftops into urban resilience plans
With emerging sustainability concerns, the environmental footprint
of food systems, including the energy bill of cultivation, processing and
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transport, have been increasingly considered by the scientific commu-
nity over the past decade (Benis & Ferrao, 2016). At the same time,
urban settlements being major contributors to GHG emissions, muni-
cipal governments' role is fundamental in influencing the metamor-
phosis of today's cities, not only by translating national strategies into
locally implemented policies, but also by constituting an essential ve-
hicle for innovation in climate policy and practice. As a part of their
transition to a greener economy, cities are therefore progressively
looking at ways of fostering Urban and Periurban Agriculture (UPA) as
a means to lessen the demand for agricultural land elsewhere and cut
food miles. Concurrently, urban agriculture experts are addressing the
assessment of the level of self-sufficiency of cities, arguing that for a
resilient future, cities of today's globalized world should aim to be as
self-sufficient as possible for basic needs such as food (Grewal &
Grewal, 2012; Haberman et al., 2014). However, in today's modern
cities, a complex agenda focused on commercial value has been driving
urban design towards increasingly dense cityscapes, while urban agri-
culture is not protected as a land use within the urban context and
remains vulnerable against more profitable land uses such as housing.
Improving the resilience of urban food systems will therefore involve
introducing municipal zoning codes where minimum levels of self-suf-
ficiency should be targeted by neighborhoods, according to their urban
morphology, i.e., to available potential farming areas, built environ-
ment structural properties, etc. This study has shown that the integra-
tion of BIA (as a strategic area) and particularly of rooftops (as a net-
work of productive spaces) into urban resilience plans and green
growth strategies can enhance its importance for sustainable urban
development through job creation, increased property values, and
community empowerment.

4.2.2. Towards more flexible urban codes

Zoning codes in urban areas usually impose height limitations on
buildings and area limitations on the use of rooftops. Yet due to their
direct exposure to sunlight, rooftops constitute a prime location for
productive uses such as greenhouse cultivation. Gauging the environ-
mental and socio-economic benefits of such productive uses of rooftops
in any given context through CBA brings valuable insights that can
facilitate their integration within the urban built environment. For in-
stance, estimating the extent to which high-yield commercial-scale
rooftop farming can contribute not only to food security and access to
healthy food but also to local community development through job
creation and economic growth may lead municipalities to grant ex-
emptions from height and area limitations to such uses, and establish
streamlined permit processes for roof-integrated food production pro-
jects. Examples are sprouting up worldwide, such as the city of
Cambridge (Massachusetts), that started supporting the implementation
of green roofs through a zoning ordinance that excludes roof gardens
from gross floor area calculations of new projects (City of Cambridge,
2017). In Singapore, one of the most densely populated cities of the
world, agricultural land is scarce and the island relies heavily on
overseas imports of food. In 2009, the city launched its Landscaping for
Urban Spaces and High-Rises (LUSH) program, to incentivize devel-
opers and building owners to integrate greenery. The program was
enhanced recently, encouraging them to use rooftops for productive
uses — mainly for farming or energy generation — in lieu of mechanical
and electrical equipment. The relocated equipment space is exempted
from gross floor area calculation (Urban Redevelopment Authority,
2017). Other municipalities have recently started promoting high-yield
urban farms and facilitating their integration. For example, the City of
Atlanta's Office of Sustainability has an Urban Agriculture Director since
2015, whose function is to attract commercial-scale farming projects to
the city and assist them to obtain funding and permits, under the city's
overarching goal of putting local healthy food within 10 min for 75% of
the city's residents by 2020.
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4.2.3. Financial instruments

By demonstrating the positive effects of alternative uses of rooftops
on local communities, CBA approaches can substantiate the integration
of local food production and/or energy generation into city-scale
planning strategies. This has been happening recently for green roofs,
which were introduced as compulsory urban interventions in many
European and North American cities, after being widely recognized as
an effective measure for UHI effect mitigation and storm water man-
agement (UNECE, 2011). This acknowledgment of the benefits of green
roofs has led some cities to offer subsidies for roof reinforcements and
green roof implementation. For example, in Germany, Hamburg's Green
Roof Strategy provides financial incentives to those that voluntarily
install a green roof before 2020. After that date, the city of Hamburg
will consider green roofs to be compulsory by law. Until then, building
owners can receive non-refundable subsidies to cover up to 30-60% of
the installation costs (European Environment Agency, 2017).

Similarly, when leading to positive impacts in a given urban con-
text, productive rooftops could be supported by financial instruments
for their large-scale implementation. In the case of rooftop food pro-
duction, besides the elevated urban rents, high-tech commercial BIA is a
capital-intensive industry, as it involves the adaptation of the host
building for cultivation, in accordance with local municipal regulations
and building codes. This urban constraint was identified as one of the
major barriers to the large-scale implementation of BIA (Cerén-palma,
Sanyé-mengual, Oliver-sola, & Rieradevall, 2012). For instance, a
rooftop greenhouse was shown to require a higher investment per area
than its conventional rural greenhouse counterpart, as more construc-
tion materials are needed to build a heavier structure that satisfies
safety requirements on top of a building located in an urban neigh-
borhood (Sanye-Mengual et al., 2015). Such costly retrofits may be
offset by municipal subsidies or loans programs.

Furthermore, supportive programs may lower the barriers for
property owners to invest in productive rooftop technologies by of-
fering incentives, such as subsidized water and energy for rooftop food
production, real estate tax reductions, or low-interest loans. For in-
stance, the Lisbon case study assessed in this manuscript has shown that
the use of rooftops for food production may yield higher local value
than solar PV energy generation in the Portuguese context. This out-
come can guide policy-making in the sense that is seems preferable to
incentivize the installation of rooftop farms within the city, while solar
PV can be implemented further from the urban core, as it is easier and
less environmentally harmful to move electricity over long distances
than food.

4.2.4. Fostering R&D and product quality certification

Rooftop farming, and BIA in general, is still an evolving field. While
there is a high risk in starting up an urban BIA farm due to high initial
and operation costs, CEA in urban contexts can be extremely profitable
in the long run, with low cost of distribution, increased efficiency, and
economies of scale. This approach of producing food closer to where it
is consumed within controlled environments has aroused an increasing
interest over the last years. Pioneers of BIA have been advocating the
capacity of high-density building-integrated farming to attain en-
vironmental and socio-economic benefits on a citywide scale that would
be unachievable otherwise, as it can considerably decrease fossil fuel
consumption, improve food security, provide jobs locally, cut trans-
portation costs and enhance energy efficiency in buildings. With tech-
nological advances, increased maturity of CEA industry, and price-
competitive produce, urban BIA could one day provide fresh and af-
fordable food for the masses.

In the meantime, on the one hand, initial investment cost and op-
erating cost of urban rooftop greenhouses are significantly higher when
compared to their rural counterparts. Urban BIA produce has therefore
to be priced higher. As a consequence, crops grown in BIA farms are
usually high-value, rapid-growing, small-footprint, and quick-turnover



K. Benis et al.

crops, whereas slower-growing horticultural produces, as well as
grains, are not as profitable in a commercial urban BIA system as in
conventional production systems. On the other hand, in high-yield
rooftop greenhouses, crops are grown in soilless cultivation systems
such as hydroponics. As previously mentioned, such farming practices
can currently not be granted organic certification, as many agricultural
specialists argue that a certified organic crop involves growing in an
entire soil ecosystem, rather than just the lack of pesticides. These two
facts should motivate decision makers to put efforts into fostering R&D
and innovation activities around high-yield BIA farming systems, and
into working towards the development of new certification as a mea-
sure of quality of the products.

Acronyms

BIA Building-Integrated Agriculture

BIPV Building-Integrated Photovoltaics

CBA Cost-Benefit Analysis

CEA Controlled-Environment Agriculture

CSA Community-Supported Agriculture

DCF Discounted Cash Flow

EU-ETS European Union Emissions Trading System
GHG Greenhouse Gas

GR Green Roof

GWP Global Warming Potential

HTBIA  High-Tech Building-Integrated Agriculture
LTBIA  Low-Tech Building-Integrated Agriculture
IRR Internal Rate of Return

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LFSC Long Food Supply Chain

SFSC Short Food Supply Chain

LMA Lisbon Metropolitan Area

NPV Net Present Value

PV Photovoltaic

RG Rooftop Greenhouse

UHI Urban Heat Island

UPA Urban and Periurban Agriculture
Acknowledgments

Generous support for this work has been provided by FCT
(Portuguese Science and Technology Foundation), under the MIT
Portugal Program —Sustainable Energy Systems, through the doctoral
degree grant SFRH/BD/52306/2013, and the test-bed “SusCity” MITP-
TB/C S/0026/2013.

References

Ackerman, K., Plunz, R., Katz, R., Dahlgren, E., & Culligan, P. (2012). Potential for urban
agriculture New York City. (New York).

Amado, M., & Poggi, F. (2014). Solar urban planning: A parametric approach. Energy
Procedia, 48, 1539-1548. http://dx.doi.org/10.1016/j.egypro.2014.02.174.

Arsenio, A. 1. (2014). A produgdo de culturas ao ar livre em modo de produgdo bioldgico no
algarve: Um diagnostico do sector e contas de cultura. Universidade do Algarve.

Baker, L., & de Zeeuw, H. (2015). Urban food policies and programmes: An overview.
Cities and agriculture: Developing resilient urban food systems (pp. 26-55). .

Benis, K., & Ferrao, P. (2016). Potential mitigation of the environmental impacts of food
systems through Urban and Peri-Urban Agriculture (UPA) - A Life Cycle Assessment
approach. Journal of Cleaner Production, 140, 784-795. http://dx.doi.org/10.1016/].
jclepro.2016.05.176.

Benis, K., Reinhart, C., & Ferrao, P. (2017). Development of a simulation-based decision
support workflow for the implementation of Building-Integrated Agriculture (BIA) in
urban contexts. Journal of Cleaner Production, 147, 589-602. http://dx.doi.org/10.
1016/j.jclepro.2017.01.130.

Blair, D., Giesecke, I. C. C., & Sherman, S. (1991). A dietary, social and economic eva-
luation of the Philadelphia urban gardening project. Journal of Nutrition Education,
23(4), 161-167. http://dx.doi.org/10.1016/50022-3182(12)81191-5.

Braganca, L., Pinheiro, M., Jalali, S., Mateus, R., Amoeda, R., & Correia Guedes, M.
(2007). Portugal SBO7 sustainable construction, materials and practices: Challenge of the
industry for the new millennium. 10S Press.

13

Cities xxx (XXXX) XXX=XXX

Buehler, D., & Junge, R. (2016). Global trends and current status of commercial urban
rooftop farming. Sustainability, 8, 1-16. http://dx.doi.org/10.3390/s5u8111108.
Byrne, J., Taminiau, J., Kurdgelashvili, L., & Nam, K. (2015). A review of the solar city
concept and methods to assess rooftop solar electric potential, with an illustrative

application to the city of Seoul. Renewable and Sustainable Energy Reviews, 41,
830-844. http://dx.doi.org/10.1016/j.rser.2014.08.023.

Castilla, N., & Baeza, E. (2013). Greenhouse site selection. In FAO (Ed.). Good agricultural
practices for greenhouse vegetable crops: Principles for Mediterranean climate areas (pp.
21-34). (Rome).

Ceré6n-palma, I., Sanyé-mengual, E., Oliver-sola, J., & Rieradevall, J. (2012). Barriers and
opportunities regarding the implementation of rooftop eco. Greenhouses (RTEG) in
Mediterranean cities of Europe. Journal of Urban Technology, 19(4), 87-103. http://
dx.doi.org/10.1080/10630732.2012.717685.

CFRV (2014). Projecto de reforma da fiscalidade verde. Lisbon, Portugal: Ministério do
Ambiente, do Ordenamento do Territérioe da Energia.

Chegut, A., Eichholtz, P., & Kok, N. (2014). Supply, demand and the value of green
buildings. Urban Studies, 51(1), 22-43. http://dx.doi.org/10.1177/
0042098013484526.

Chenani, S. B., Lehvévirtaa, S., & Hékkinenc, T. (2014). Life cycle assessment of layers of
green roofs. 1-10. http://dx.doi.org/10.1016/j.jclepro.2014.11.070.

City of Cambridge (2017). Zoning ordinance 1397. Art, 2.

Cooley, J. P., & Lass, D. A. (1998). Consumer benefits from community supported agri-
culture membership. Review of Agricultural Economics, 20(1), 227-237.

CYPE (2017). Gerador de precos portugal (Retrieved from) http://www.geradordeprecos.
info/.

Decree-Law 153 (2014). Didrio da Reptiblica, 1.% série — N. 202 — 20 de outubro de 2014.
(Portugal).

Delisle, V., & Kummert, M. (2016). Cost-benefit analysis of integrating BIPV-T air systems
into. 136, 385-400. http://dx.doi.org/10.1016/j.solener.2016.07.005.

Deng, Y., Li, Z., & Quigley, J. M. (2012). Economic returns to energy-efficient investments
in the housing market: Evidence from Singapore. Regional Science and Urban
Economics, 42(3), 506-515. http://dx.doi.org/10.1016/j.regsciurbeco.2011.04.004.

Deng, Y., & Wu, J. (2014). Economic returns to residential green building investment: The
developers' perspective. Regional Science and Urban Economics, 47(1), 37-44. http://
dx.doi.org/10.1016/j.regsciurbeco.2013.09.015.

Despommier, D. (2013). Farming up the city: The rise of urban vertical farms. Trends in
Biotechnology, 31(7), 388-389. http://dx.doi.org/10.1016/j.tibtech.2013.03.008.
Eichholtz, P., Kok, N., & Quigley, J. M. (2010). Doing well by doing good? Green office

buildings. American Economic Review, 100(December), 2494-2511.

Eigenbrod, C., & Gruda, N. (2015). Urban vegetable for food security in cities. A review.
Agronomy for Sustainable Development, 35(2), 483-498. http://dx.doi.org/10.1007/
513593-014-0273-y.

EPAL (2017). Sale prices of water in Lisbon.

European Commission (2008). Commission Regulation (EC) No 889/2008.

European Commission (2011). Roadmap to a resource efficient Europe, COM(2011) 571
final.

European Commission (2014a). Energy prices and costs in Europe (Retrieved from)
http://ec.europa.eu/energy/sites/ener/files/documents/20140122_swd_prices.pdf.

European Commission (2014b). EU energy, transport, and emissions trends to 2050 —
Reference scenario 2013. (Brussels).

European Environment Agency (2017). Financing urban adaptation to climate change.
http://dx.doi.org/10.2800/235562.

FAO (2011). Food, agriculture and cities: Challenges of food and nutrition security, agriculture
and ecosystem management in an urbanizing world. (Rome).

Frischknecht, R., Itten, R., Wyss, F., Blanc, 1., Heath, G., Raugei, M., ... Wade, A. (2014).
Life cycle assessment of future photovoltaic electricity production from residential -
scale systems operated in Europe (Retrieved from) http://iea-pvps.org/.

Frontini, F., Bonomo, P., Chatzipanagi, A., Verberne, G., van den Donker, M., Sinapis, K.,
& Folkerts, W. (2015). BIPV product overview for solar facades and roofs.

Fuerst, F., & Mcallister, P. (2011). Green noise or green value? Measuring the effects of
environmental certification on office values. Real Estate Economics, 39(1), 45-69.
http://dx.doi.org/10.1111/j.1540-6229.2010.00286.x.

Gagnon, P., Margolis, R., Melius, J., Phillips, C., Gagnon, P., Margolis, R., ... Phillips, C.
(2016). Rooftop solar photovoltaic technical potential in the United States: A detailed
assessment.

Goldstein, B., Hauschild, M., Ferndndez, J., & Birkved, M. (2016). Testing the environ-
mental performance of urban agriculture as a food supply in northern climates.
Journal of Cleaner Production, 135, 984-994. http://dx.doi.org/10.1016/j.jclepro.
2016.07.004.

Grewal, S. S., & Grewal, P. S. (2012). Can cities become self-reliant in food? Cities, 29(1),
1-11. http://dx.doi.org/10.1016/j.cities.2011.06.003.

Haberman, D., Gillies, L., Canter, A., Rinner, V., Pancrazi, L., & Martellozzo, F. (2014).
The potential of urban agriculture in Montréal: A quantitative assessment. ISPRS
International Journal of Geo-Information, 3, 1101-1117. http://dx.doi.org/10.3390/
ijgi3031101.

Heinstein, P., Ballif, C., & Perret-Aebi, L.-E. (2013). Building Integrated Photovoltaics
(BIPV): Review, potentials, barriers and myths. Green. http://dx.doi.org/10.1515/
green-2013-0020.

Hofierka, J., & Kanuk, J. (2009). Assessment of photovoltaic potential in urban areas using
open-source solar radiation tools. 34, 2206-2214. http://dx.doi.org/10.1016/j.renene.
2009.02.021.

Howard, E. (1898). To-morrow: A peaceful path to real reform.

IEA (2002). Guidelines for economic evaluation of building integrated photovoltaic power
systems. IEA Photovoltaic Power Systems Program (PVPS), Task 7, NREL/TP-550-
31977Golden, CO, USA: National Renewable Energy Laboratory.

IEA (2015). CO? emissions combustion from fuel combustion (2015 ed.). Highlight.


http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0005
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0005
http://dx.doi.org/10.1016/j.egypro.2014.02.174
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0015
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0015
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0020
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0020
http://dx.doi.org/10.1016/j.jclepro.2016.05.176
http://dx.doi.org/10.1016/j.jclepro.2016.05.176
http://dx.doi.org/10.1016/j.jclepro.2017.01.130
http://dx.doi.org/10.1016/j.jclepro.2017.01.130
http://dx.doi.org/10.1016/S0022-3182(12)81191-5
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0040
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0040
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0040
http://dx.doi.org/10.3390/su8111108
http://dx.doi.org/10.1016/j.rser.2014.08.023
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0055
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0055
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0055
http://dx.doi.org/10.1080/10630732.2012.717685
http://dx.doi.org/10.1080/10630732.2012.717685
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0065
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0065
http://dx.doi.org/10.1177/0042098013484526
http://dx.doi.org/10.1177/0042098013484526
http://dx.doi.org/10.1016/j.jclepro.2014.11.070
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0080
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0085
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0085
http://www.geradordeprecos.info/
http://www.geradordeprecos.info/
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0095
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0095
http://dx.doi.org/10.1016/j.solener.2016.07.005
http://dx.doi.org/10.1016/j.regsciurbeco.2011.04.004
http://dx.doi.org/10.1016/j.regsciurbeco.2013.09.015
http://dx.doi.org/10.1016/j.regsciurbeco.2013.09.015
http://dx.doi.org/10.1016/j.tibtech.2013.03.008
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0120
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0120
http://dx.doi.org/10.1007/s13593-014-0273-y
http://dx.doi.org/10.1007/s13593-014-0273-y
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0130
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0135
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0140
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0140
http://ec.europa.eu/energy/sites/ener/files/documents/20140122_swd_prices.pdf
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0150
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0150
http://dx.doi.org/10.2800/235562
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0160
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0160
http://iea-pvps.org/
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0170
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0170
http://dx.doi.org/10.1111/j.1540-6229.2010.00286.x
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0180
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0180
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0180
http://dx.doi.org/10.1016/j.jclepro.2016.07.004
http://dx.doi.org/10.1016/j.jclepro.2016.07.004
http://dx.doi.org/10.1016/j.cities.2011.06.003
http://dx.doi.org/10.3390/ijgi3031101
http://dx.doi.org/10.3390/ijgi3031101
http://dx.doi.org/10.1515/green-2013-0020
http://dx.doi.org/10.1515/green-2013-0020
http://dx.doi.org/10.1016/j.renene.2009.02.021
http://dx.doi.org/10.1016/j.renene.2009.02.021
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0210
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0215
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0215
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0215
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf2010

K. Benis et al.

Instituto Nacional de Estatistica (2002). Estatisticas da horticultura. 1995-2001 (Lisbon,
Portugal).

Instituto Nacional de Estatistica (2014). Estatisticas agricolas 2014. Lisbon, Portugal:
Instituto Nacional de Estatistica (I.P.). (Retrieved from) https://www.ine.pt/xportal/
xmain?xpid = INE&xpgid = ine_publicacoes&PUBLICACOESpub_boui = 2107568298&
PUBLICACOESmodo = 2.

Kahn, M. E., & Kok, N. (2014). Regional science and urban economics the capitalization of
green labels in the California housing market. Regional Science and Urban Economics,
47(1), 25-34. http://dx.doi.org/10.1016/j.regsciurbeco.2013.07.001.

Lawson, L. (2016). Agriculture: Sowing the city. Nature, 540, 522. (Retrieved from)
https://doi.org/10.1038/540522a.

Mahlia, T. M. L., & Igbal, A. (2010). Cost benefits analysis and emission reductions of
optimum thickness and air gaps for selected insulation materials for building walls in
Maldives. Energy, 35(5), 2242-2250. http://dx.doi.org/10.1016/j.energy.2010.02.
011.

Mandel, L. (2013). Eat up: The inside scoop on rooftop agriculture.

Marrana, T. C., Silvestre, J. D., De Brito, J., & Gomes, R. (2017). Lifecycle cost analysis of
flat roofs of buildings. Journal of Construction Engineering and Management, 143(6),
http://dx.doi.org/10.1061/(ASCE)C0.1943-7862.0001290.

Marta-pedroso, C., Domingos, T., Freitas, H., & De Groot, R. S. (2007). Cost-benefit
analysis of the Zonal Program of Castro Verde (Portugal): Highlighting the trade-off
between biodiversity and soil conservation. Soil & Tillage Research, 97, 79-90. http://
dx.doi.org/10.1016/j.still.2007.08.010.

Mendes, L. (2011). Life cycle cost analysis of sustainable measures: Case of water and was-
tewater housing systems. Lisbon: Instituto Superior Tecnico.

Milan Expo (2015). Milan urban food policy pact, (October).

de Mourao, I. M. (2007). Manual de horticultura em modo de producao biologico.

Nadal, A., Llorach-Massana, P., Cuerva, E., L6pez-Capel, E., Montero, J. 1., Josa, A, ...
Royapoor, M. (2017). Building-integrated rooftop greenhouses: An energy and en-
vironmental assessment in the Mediterranean context. Applied Energy, 187, 338-351.
http://dx.doi.org/10.1016/j.apenergy.2016.11.051.

Nurmi, V., Votsis, A., Perrels, A., & Lehvavirta, S. (2016). Green roof cost-benefit analysis:
Special emphasis on scenic benefits. Journal of Benefit Cost Analysis, 7(3), 488-522.
http://dx.doi.org/10.1017/bca.2016.18.

NYSERDA (2013). Sustainable urban agriculture: Confirming viable scenarios for production.
(New York).

Ordinance 15 (2015). Didrio da Reptblica, 1.“ série — N.° 16 — 23 de janeiro de 2015.
(Portugal).

Ordinance 20 (2017). Didrio da Reptiblica, 1.° série — N.° 8 — 11 de janeiro de 2017.
(Portugal).

Orsini, F., Gasperi, D., Marchetti, L., Piovene, C., Draghetti, S., Ramazzotti, S., ...
Gianquinto, G. (2014). Exploring the production capacity of rooftop gardens (RTGs)
in urban agriculture: The potential impact on food and nutrition security, biodiversity
and other ecosystem services in the city of Bologna. Food Security, 6(6), 781-792.
http://dx.doi.org/10.1007/s12571-014-0389-6.

Peet, M., & Welles, G. (2005). In E. Heuvelink (Ed.). Greenhouse tomato production (pp.
257-304). The Netherlands: Wageningen University Tomatoes (CABI Publi).

Pereira, A. M., Pereira, R. M., & Rodrigues, P. G. (2016). A new carbon tax in Portugal: A
missed opportunity to achieve the triple dividend? Energy Policy, 93, 110-118. http://
dx.doi.org/10.1016/j.enpol.2016.03.002.

Perini, K., & Rosasco, P. (2013). Cost benefit analysis for green facades and living wall
systems. Building and Environment, 70, 110-121. http://dx.doi.org/10.1016/j.
buildenv.2013.08.012.

PORDATA (2015a). Portuguese statistics on electricity prices.

PORDATA (2015b). Portuguese statistics on Employment and Labor Market (Retrieved
from) http://www.pordata.pt/en/Subtheme/Portugal/Wages-11.

Proksch, G. (2011). Urban rooftops as productive resources: Rooftop farming versus
conventional green roofs. ARCC 2011: Considering Research: Reflecting upon current
themes in Architectural Research (pp. 497-509). (Detroit, Michigan).

Puri, V., & Caplow, T. (2009). How to grow food in the 100% renewable city: Building-
integrated agriculture. 100% Renewable - Energy Autonomy in Action (pp. 229-241).
London: Earthscan.

Real, S. A. (2010). Contribution of life cycle cost analysis to design sustainability in con-
struction. Lisbon: Instituto Superior Tecnico.

Resh, H. M. (1978). Hydroponic food production: A definitive guidebook for the advanced
home gardener and the commercial hydroponic grower. New York: CRC Press.

Rodriguez, O. (2009). London rooftop agriculture, a preliminary estimate of London's pro-
ductive potential. University College London.

Sabeh, N. (2016). Chapter 6 - rooftop plant production systems in urban areas A2 -
Takagaki, Toyoki KozaiGenhua NiuMichiko BT - plant factory. Plant FactoryElsevier
Inc.http://dx.doi.org/10.1016/B978-0-12-801775-3.00006-8.

Sanye-Mengual, E., Oliver-Sola, J., Montero, J. 1., & Rieradevall, J. (2015). An environ-
mental and economic life cycle assessment of rooftop greenhouse (RTG) im-
plementation in Barcelona, Spain. Assessing new forms of urban agriculture from the
greenhouse structure to the final product level. International Journal of Life Cycle
Assessment, 20(3), 350-366. http://dx.doi.org/10.1007/s11367-014-0836-9.

14

Cities xxx (XXXX) XXX=XXX

Shekarchian, M., Moghavvemi, M., Rismanchi, B., Mahlia, T. M. L., & Olofsson, T. (2012).
The cost benefit analysis and potential emission reduction evaluation of applying wall
insulation for buildings in Malaysia. Renewable and Sustainable Energy Reviews, 16(7),
4708-4718. http://dx.doi.org/10.1016/j.rser.2012.04.045.

Silva, N. (2015). Inovacao en Culturas Protegidas. A Revista Da Associa¢do Portuguesa de
Horticultura, 11-32.

SIMEE (2015). Sistema de informacao de mercados de energia (Retrieved from) www.
mercado.ren.pt.

Solemma (2016). Diva-for-rhino 4.0 (Retrieved from) http://www.solemma.net/.

Specht, K., Siebert, R., Hartmann, 1., Freisinger, U. B., Henckel, D., Walk, H., & Dierich, A.
(2014a). Urban agriculture of the future: An overview of sustainability aspects of
food production in and on buildings. Agriculture and Human Values, 31(1), 33-51.
http://dx.doi.org/10.1007/510460-013-9448-4.

Specht, K., Siebert, R., Hartmann, ., Freisinger, U. B., Sawicka, M., Werner, A., ... Dierich,
A. (2014b). Urban agriculture of the future: An overview of sustainability aspects of
food production in and on buildings. Agriculture and Human Values, 31(1), 33-51.
http://dx.doi.org/10.1007/510460-013-9448-4.

Specht, K., Siebert, R., Thomaier, S., Freisinger, U. B., Sawicka, M., Dierich, A, ... Busse,
M. (2015). Zero-acreage farming in the city of Berlin: An aggregated stakeholder
perspective on potential benefits and challenges. Sustainability, 7, 4511-4523. http://
dx.doi.org/10.3390/5u7044511.

Specht, K., Weith, T., Swoboda, K., & Siebert, R. (2016). Socially acceptable urban
agriculture businesses. Agronomy for Sustainable Development, 36(1), 1-14. http://dx.
doi.org/10.1007/s13593-016-0355-0.

Theurl, M. C., Haberl, H., Erb, K., & Lindenthal, T. (2014). Contrasted greenhouse gas
emissions from local versus long-range tomato production. Agronomy for Sustainable
Development, 34, 593-602. http://dx.doi.org/10.1007/s13593-013-0171-8.

Thomaier, S., Specht, K., Henckel, D., Dierich, A., Siebert, R., Freisinger, U. B., & Sawicka,
M. (2014). Farming in and on urban buildings: Present practice and specific novelties
of Zero-Acreage Farming (ZFarming). Renewable Agriculture and Food Systems, 30(1),
43-54. http://dx.doi.org/10.1017/51742170514000143.

Tranel, M., & Handlin, L. B. (2006). Metromorphosis: Documenting change. Journal of
Urban Affairs, 28(2), 151-167.

Tranter, R. B., Bennett, R. M., Costa, L., Cowan, C., Holt, G. C., Jones, P. J,, ...
Vestergaard, J. (2009). Consumers' willingness-to-pay for organic conversion-grade
food: Evidence from five EU countries. Food Policy, 34(3), 287-294. http://dx.doi.
org/10.1016/j.foodpol.2009.03.001.

UNECE (2011). Climate neutral cities - how to make cities less energy and carbon intensive and
more resilient to climatic changes. 1-98.

UN-Habitat (2016). Urbanization and development: Emerging futures, World cities report.
2016.

United Nations (2014). World urbanization prospects: The 2014 revision, highlights (ST/
ESA/SER.A/352) (Retrieved from) http://esa.un.org/unpd/wup/Highlights/
WUP2014-Highlights.pdf.

Urban Redevelopment Authority (2017). Circular No. URA/PB/2017/06-DCG.
(Singapore).

Ventura-Lucas, M. R., & Marreiros, C. (2013). Consumer behaviour towards organic food
in Portugal. In M. Klop¢i¢, A. Kuipers, & J.-F. Hocquette (Eds.). Consumer attitudes to
food quality products: Emphasis on Southern Europe (pp. 109-123). Wageningen:
Wageningen Academic Publishers. http://dx.doi.org/10.3920/978-90-8686-762-2_8.

Viljoen, A., & Bohn, K. (2005). Continuous Productive Urban Landscapes: urban agri-
culture as an essential infrastructure. Urban Agriculture Magazine, 34-36 (June).

Viljoen, A., & Bohn, K. (2009). Continuous Productive Urban Landscape (CPUL): Essential
infrastructure and edible ornament. Open House International. 34(2). Open House
International (pp. 50-60).

Voicu, I., & Been, V. (2008). The effect of community gardens on neighboring property
values. Real Estate Economics, 36(2), 241-283.

Whittinghill, L. J., Hsueh, D., Culligan, P., & Plunz, R. (2016). Stormwater performance of
a full scale rooftop farm: Runoff water quality. Ecological Engineering, 91, 195-206.

Whittinghill, L. J., & Rowe, D. B. (2011). The role of green roof technology in urban
agriculture. Renewable Agriculture and Food Systems, 27(4), 314-322. http://dx.doi.
org/10.1017/5174217051100038X.

William, R., Goodwell, A., Richardson, M., Le, P. V. V., Kumar, P., & Stillwell, A. S.
(2016). An environmental cost-benefit analysis of alternative green roofing strategies.
Ecological Engineering, 95, 1-9. http://dx.doi.org/10.1016/j.ecoleng.2016.06.091.

Wright, F. L. (1932). The disappearing city.

Yang, R. J., & Zou, P. X. W. (2016). Building integrated photovoltaics (BIPV): Costs,
benefits, risks, barriers and improvement strategy. International Journal of
Construction Management, 3599(January), 0-15. http://dx.doi.org/10.1080/
15623599.2015.1117709.

Zheng, S., Wu, J., Kahn, M. E., & Deng, Y. (2012). The nascent market for “green” real
estate in Beijing. European Economic Review, 56(5), 974-984. http://dx.doi.org/10.
1016/j.euroecorev.2012.02.012.

ZinCo (2017). Green roofs and solar energy (Retrieved from) http://www.zinco-
greenroof.com/systems/solar-energy.


http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0220
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0220
https://www.ine.pt/xportal/xmain?xpid=INE�&�xpgid=ine_publicacoes�&�PUBLICACOESpub_boui=210756829�&�PUBLICACOESmodo=2
https://www.ine.pt/xportal/xmain?xpid=INE�&�xpgid=ine_publicacoes�&�PUBLICACOESpub_boui=210756829�&�PUBLICACOESmodo=2
https://www.ine.pt/xportal/xmain?xpid=INE�&�xpgid=ine_publicacoes�&�PUBLICACOESpub_boui=210756829�&�PUBLICACOESmodo=2
http://dx.doi.org/10.1016/j.regsciurbeco.2013.07.001
https://doi.org/10.1038/540522a
http://dx.doi.org/10.1016/j.energy.2010.02.011
http://dx.doi.org/10.1016/j.energy.2010.02.011
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0245
http://dx.doi.org/10.1061/(ASCE)CO.1943-7862.0001290
http://dx.doi.org/10.1016/j.still.2007.08.010
http://dx.doi.org/10.1016/j.still.2007.08.010
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0260
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0260
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0265
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0270
http://dx.doi.org/10.1016/j.apenergy.2016.11.051
http://dx.doi.org/10.1017/bca.2016.18
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0285
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0285
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0290
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0290
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0295
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0295
http://dx.doi.org/10.1007/s12571-014-0389-6
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0305
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0305
http://dx.doi.org/10.1016/j.enpol.2016.03.002
http://dx.doi.org/10.1016/j.enpol.2016.03.002
http://dx.doi.org/10.1016/j.buildenv.2013.08.012
http://dx.doi.org/10.1016/j.buildenv.2013.08.012
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0320
http://www.pordata.pt/en/Subtheme/Portugal/Wages-11
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0330
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0330
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0330
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0335
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0335
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0335
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0340
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0340
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0345
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0345
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0350
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0350
http://dx.doi.org/10.1016/B978-0-12-801775-3.00006-8
http://dx.doi.org/10.1007/s11367-014-0836-9
http://dx.doi.org/10.1016/j.rser.2012.04.045
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0370
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0370
http://www.mercado.ren.pt
http://www.mercado.ren.pt
http://www.solemma.net/
http://dx.doi.org/10.1007/s10460-013-9448-4
http://dx.doi.org/10.1007/s10460-013-9448-4
http://dx.doi.org/10.3390/su7044511
http://dx.doi.org/10.3390/su7044511
http://dx.doi.org/10.1007/s13593-016-0355-0
http://dx.doi.org/10.1007/s13593-016-0355-0
http://dx.doi.org/10.1007/s13593-013-0171-8
http://dx.doi.org/10.1017/S1742170514000143
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0415
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0415
http://dx.doi.org/10.1016/j.foodpol.2009.03.001
http://dx.doi.org/10.1016/j.foodpol.2009.03.001
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0425
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0425
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0430
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0430
http://esa.un.org/unpd/wup/Highlights/WUP2014-Highlights.pdf
http://esa.un.org/unpd/wup/Highlights/WUP2014-Highlights.pdf
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0440
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0440
http://dx.doi.org/10.3920/978-90-8686-762-2_8
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0450
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0450
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0455
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0455
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0455
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0460
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0460
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0465
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0465
http://dx.doi.org/10.1017/S174217051100038X
http://dx.doi.org/10.1017/S174217051100038X
http://dx.doi.org/10.1016/j.ecoleng.2016.06.091
http://refhub.elsevier.com/S0264-2751(17)30691-1/rf0480
http://dx.doi.org/10.1080/15623599.2015.1117709
http://dx.doi.org/10.1080/15623599.2015.1117709
http://dx.doi.org/10.1016/j.euroecorev.2012.02.012
http://dx.doi.org/10.1016/j.euroecorev.2012.02.012
http://www.zinco-greenroof.com/systems/solar-energy
http://www.zinco-greenroof.com/systems/solar-energy
https://www.researchgate.net/publication/323512958

	Putting rooftops to use – A Cost-Benefit Analysis of food production vs. energy generation under Mediterranean climates
	Introduction
	Background
	Objective of the study
	Productive uses of rooftops in urban areas
	Food production
	Open-air rooftop farming on intensive green roofs
	Rooftop Greenhouse (RG) farming
	Energy generation


	Methodology
	Cost-Benefit Analysis
	Costs and benefits to the system operator
	Structure
	Operation
	Carbon
	Yield

	Costs and benefits to the community
	Market impacts
	Savings
	Jobs creation
	Property value
	Environmental impacts
	Global Warming Potential (GWP)
	Land use


	Results
	Economic sustainability of food production vs. energy generation
	Open-air farming on intensive green roof
	“Low-tech” RG farming
	“High-tech” RG farming
	BIPV

	Social impacts of food production vs. energy generation
	Savings
	Jobs creation
	Property value
	GWP
	Land use


	Discussion and final considerations
	BIA as an emerging opportunity to feed our growing cities
	Policy recommendations
	Including productive rooftops into urban resilience plans
	Towards more flexible urban codes
	Financial instruments
	Fostering R&#x200B;&&#x200B;D and product quality certification


	Acronyms
	Acknowledgments
	References




