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GREEN LIVING ROOF SIMULATION MODEL REVIEW

The integration of nature, living, organic matesjain the design of built areas and building
structure is an architectural response to the enmiental problems of dense urban areas. At the site
where green space is limited, greening the buildingelope is the solution to the issues such as hea
waves, flooding, and noise and air pollution. Tlemdfits could be predicted only by using the adeura
simulation model of this technology. The energyabak of green living roof has been researched gwou
the models developed over the years by variousatMost models have been developed and validated
with data from extensive roofs and more than 50%hefmodels have been validated using data from
warm temperate climatic zones. The ability to datee the impact of green living roofs at different
stages of their architectural design process mast importance if the incorporation of this teclogy is
planned, taking into account the impact on thedingl and the urban level.

Only five of more than twenty models have been anm@nted in the building energy simulation
programs, such as EnergyPlus, TRNSYS, ESP-r, afid Still, not all of these GLR models are part of
the software’s official release. The largest ddfezes between the models were in the ways each mass
and heat transfer phenomenon was considered. Tkeofaappropriate and easy-to-use building energy
simulation that integrates GLR models complicates @valuation of the green roof performance at the
early stages of the building design process owffténization of the green roof design at this stagd
assessment of the impact on the building and tharutevel. The validations of these models dified a
do not follow any particular protocol or standddshfortunately, no study has reported the wholedng
energy data to evaluate the impacts of green liviregs on the energy consumption of buildings aod n
study has compared and validated more than onelrabddime. Consequently, it is difficult to evata
which model is more accurate in terms of the actnargy performance of buildings.

Keywords: green roof, simulation, model, building.

Introduction. Living architecture is the integration of the hg, organic systems characterized by
green walls and green roofs, with the inorganic léetéss structures that have come to dominateemod
architecture. Green roof technology, as an ardhitat tool, originated in Germany in the 1880s,
although, the history of green roof in the formrobf gardens started in Babylon around 500 B.C.
Germany is regarded as the world leader in the @ymmnt of green roof strategy with the greenesfsroo
in the world and as the country with the most adeanknowledge in modern living roof technology.
Green-roof coverage in Germany alone now increbgespproximately 13.5 million square meters per
year. According to the latest studies conductedrBB (Fachvereinigung Bauwerksbegriinung), 80% of
implemented green roofs are extensive type. Acogrth ADIVET (French association of green roofing
companies), from 100,000 m? to 1,000,000 m? of greefs have been implemented yearly in France for
the past ten years. Green roofs in London covep ®30only in the Greater London area. In the US,
Chicago is a leading city in green roofs technolagth more than 50,000 m2 of installed vegetativefs
only in 2008. In Canada, the city of Toronto apmavthe by-law mandating of green roofs on residénti
and industrial buildings. From February 1, 2010March 1, 2015, 260 green roofs were created in
Toronto, consisting of 196,000 m2 of green roofaar®erbia and the surrounding countries are late in
practical work as well as research due to the canstfrom infrastructure investment, lack of redav
laws, regulations and national policies conceriirgggreen roof strategy.

There has been a substantial development in degigamd constructing green vegetated roofs.
Green roofs offer several substantial benefitsomarison to conventional roofs. Recent papers affe
complete review of the main environmental bendfist green roofs can achieve, such as providing
reduction in stormwater runoff and improving storater quality, reducing interior noise levels, redgc
dust and air pollution levels, increasing thernféitiency. Depending on the types of plants andssai
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green roof can provide the natural habitat for ahsninsects and plants and can increase the lpisily
of the urban area and, at the city level, contgliatthe mitigation of the urban heat island effégt

Results and discussionThere are two main classifications of green roBfgensive Green Roofs
(EGR) and Intensive Green Roofs (IGR). Each systedefined primarily by the depth of the growth
media, but also by the variety and type of vegetatin the recent literature, Semi-intensive GrBeof
occurs as a hybrid system, composed of both Extersid Intensive Green Roof characteristics.

Extensive Green Roofs (EGHxtensive Green Roofs are lightweight structureth vai thinner
substrate and feature succulent plants like sedbatscan survive in harsh conditions. They are used
mostly for environmental benefit, require little im@nance once they are established and are gneral
cost effective, particularly in commercial and paltduildings with long life spans.

Intensive Green Roofs (IGRhtensive Green Roofs allow a great variety of s@md sizes of
plants, such as shrubs and small trees, but hayeeminitial costs. A thicker soil layer should be
considered as a landscape with plants found insparid gardens and requires irrigation during dry
periods. The thicker soil requires greater stradtgupport for intensive roofs, than for the exiems
ones.

Green Living Roof (GRL) assembligreen roof construction mimics in a few centimetefsat
normal soil does in a couple meters, as shown gn Ei The green roof accomplishes natural balance
through several layers.

WNATURE GREEM ROOF

Fig. 1. Green roof systems mimics the natural sdiyers

Three main components of the model of the greeetaded roof are:

1) The Structural Support includes all the layers leetwthe inner plaster and the root barrier;

2) The Soil Layer, also called substrate, growth mmdar engineered soil, is a complex with the
solid phase (organic and mineral material), thaifigphase (water) and the gaseous phase (water vapo
and air). Engineered soil is a substitution fondtd landscaping soil or loam containing a spedifatio
of the organic and inorganic material. When appgy@dreen Living Roofs to existing buildings, the
growth media must be designed with consideratiadth®load capacity of the roof structure.

3) The Foliage Layer (vegetation canopy) is compoddbeoleafs and the air within the leafs and
depends on the plant selection. The plant's arctute, such as leaf size, shape and coverage, and
physiology, for example, transpiration tendencied, affect the roof's performance and its tolerario
drought, wind, light, shade, and pollutants. Theect®n criteria of the plants should be performed
according to the particular GLR application withcagnt of the climate conditions and maintenance
requirements of the plants.

Several more layers could be present, dependirits @omplexity. As a part of structural support,
besides slab, we can identify:

1) Insulation Board. The insulation in a GLR systemuiees sufficient compressive strength to
support the weight of the full saturated soil andtew storage, hardscape materials, live loads and
environmental loads.

105



ISSN 2415-318%xkosoriyna 6e3mnexa Ta 30aJaHCOBaHE PECYPCOKOPUCTYBAHHS

2) Protection Board. It is required as fire separatamd protection between the selected
waterproofing membrane and insulation board.

3) Waterproofing Membrane. Fluid-applied asphalt-baseeimbranes, torch-applied bitumen
membranes, thermoplastic (PVC or TPO) single-plynim@&nes, or thermoset polymer-based (EPDM)
single-ply membranes could be installed in the GisBembly.

4) Root Barriers are commonly made of thermoplasteeshsuch as PVC, TPO or polyethylene.
Asphalt-based and bituminous membranes and matenalsubject to attack and premature degradation
from soil-borne microbial activity; therefore, robarriers are necessary to protect these wateipgoof
materials and eliminate the risk of root penetratitio the waterproofing membrane.

5) Drainage Panel has the function to expel excessniram the roof during rain periods, which
can easily pass underneath it away and down tHedram. It also serves as water storage for th&@GL
during dry periods, providing water for the uppeydrs in relatively small space and with light weidt
can be manufactured from a variety of materialsluding hard plastic, polystyrene, and foam, or enad
from free-draining materials, such as gravel.

6) Filter Fabric is a woven or non-woven geotextileiakh provides protection against the
accumulation of fine soil in the drainage pathsueimg the long-term efficiency of the drainageciay

7) Moisture Retention Mat performs the dual functiofisetaining water to provide moisture for
the growing media and the plants and protectingaiigrproof membrane during and after construction.
This layer is very often made of recycled polypiepy fibers stitched to a thermoplastic fabric shee
such as polyethylene.

The accurate and validated heat and mass transfdelsnare crucial to evaluate the energy
performance of buildings. In most studies the aredyFoliage Layer design parameters were the height
of plants, the leaf area index (LAl), leaf refledty, leaf emissivity and stomata resistance arg th
analyzed thermal properties of the Soil Layer wiiekness, density, thermal conductivity, and heat
capacity. The numerical and field studies showed Ttnermal insulation also plays an important inle
the performance of vegetated roofs.

Green Living Roof (GRL) numerical heat and masadfer simulation model84any green living
roof simulation models have been developed durrgglast 35 years. Most of the models have been
developed during the last decade. General assumsgtiave been applied to most of the reviewed mpdels
for example:

1) Horizontal heat and mass transfer are negligible.

2) Plants and substrate of the vegetated roofs arzombally homogeneous.

3) Volumetric water content within the substrate isnogeneous.

4) Green roof substrate is completely covered by plant

5) Conductive heat transfer in plants is negligible.

6) Photosynthesis of the plant results in negligildatHluxes.

7) Air beneath the stomata is saturated.

More than 20 models could be found in the currgetdture. Nevertheless, only a few numerical
heat and mass transfer green roof models have ibg#emented in actual energy building simulation
tools. There are four building energy simulationgiaes that include green living roof models:
EnergyPlus, TRNSYS, ESP-r and MIT Design Advisor.

EnergyPlus is an energy analysis and thermal ldadlation program that has its roots in two
other simulation programs, both written in Fortr@l:AST (Building Loads Analysis and System
Thermodynamics) and DOE-2, developed by the U.pabDment of Energy. The GRL model developed
by Sailor [2] is implemented in the official versi@f the software. Moreover, the model from Tabares
Velasco et al. [3] has been implemented, but iseedily not part of the official release version.

The energy balance of the green roof is dominatedatiative forcing from the sun. This solar
radiation is balanced by the sensible (convectsorg latent (evaporative) heat flux from soil andnpl
surfaces combined with the conduction of heat fhéosoil substrate and long-wave (thermal) radiatiio
and from the soil and leaf surfaces. Sailors [Zrgy budget analysis follows the fast all seasdh so
strength (FASST) model developed by Frankenstainkaenig [4] for the US Army Corps of Engineers.
The energy budget was divided into a budget forftiiage layerF (1) and a budget for the ground
surfaceF, (2).

Fr = o7 [L(1—a7) + epliy — gpoTF ]+ 22 (10 - T8) + Hy + 1, 1)
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B =(1— o )[L(1— o) + gl — &, TE+ LEL (T4~ T 4 Hy + L, + K x 22, ()

whereg; — fractional vegetation coverage; — net heat flux to foliage layer [W/m3; — total incoming

short-wave radiationy; — albedo of the canopy; — albedo of ground surfacg,— emissivity of canopy;
&g — emissivity of the ground surfack; — total incoming long-wave radiatioii; — foliage temperature
[°C]; o — Stefan-Boltzmann constaffi; — ground surface temperature [°El};— foliage sensible heat flux
[W/m2]; Hy — ground sensible heat flux [W/mil; — foliage latent heat flux [W/m?],4 — ground latent
heat flux [W/mZ].

Complex Tabares-Velasco model is given in Fig 2.

A proposed green roof model was validated usingjtiesi-steady state experimental data. All heat
fluxes in GLR system were supposed to be interattiedeand dependent on each other, hence the model
considered heat and mass transfer processes bethweeky, plants, and substrate. Several different
models were calculated: substrate thermal condtytithe substrate and plants evapotranspiration,
radiative heat transfer between the plants andrsibsand convection heat and mass transfer.

GRL model [5] integrated in TRNSYS is not part loé tofficial TRNSYS package/type, but it was
validated with the field data for vegetated walisl @oofs in mock-up buildings. The mathematical eipd
describing energy balance across the green roafpased on the model of Frankenstein and Koenig [4]
and Sailor [2]. Water balance was introduced thhotige term of thermal conductivity, which was not
taken into account in the previous model.

The equation describing the mass transfer of wsaiter

~ B Oy %
"M e [qu_r, 3z DM’] ' 3)

whereC,, is the capillary capacity of the saoi, is the matrix potential of water in the soil (rd),, and
D, are respectively the water conductivity (liquiddavapor) and liquid water related to the potential
gradient (m s-1).

ESP-r is an open-source building energy programnoonty used in Europe, in which two green
roof models are adopted [6, 7]. Currently simulatidomains include thermal exchanges, moisture
transfer, and air flows within and across zonesAB\plants, electrical distribution, and piping netks.
The building geometry, fabric and zones are repteseby control volumes. The statement of energy
balance for the rooftop layer was expressed ingesfrseven energy fluxes and the heat capacitieof t
roof layer was given as [6]:

dT,

roof layer average

SV\éown - SV\Gp + I-V\Idown - LWup - Qconvection_ Qconduction_ Qlatent = Croof dt ' (4)

whereSW LW, Qgonvection Qeonduction Qiatent r€fer to shortwave, longwave, convection, conawchieat flow
(into or from the room below) and latent heat tpaomg respectively.

The method in [7] used for the development of gnexxi model involved dividing the green roof
elements into control volumes and identifying tlewveyning thermal and moisture exchange equations.
These equations were further turned into a setinoé-tliscretized equations which were solved for
successive time steps. The control volume equatimre combined and the matrix of linear equations
was formed for facilitating the simultaneous sofyiior state variables. The time varying coefficgent
these matrix equations were defined in terms ofntiaé and moisture-related properties of various
elements of the green roof.

MIT Design Advisor, an early-stage building desfgogram, has a GLR model developed by Ray
and Glicksman [8]. The assumed energy balanceh®rgteen roof with insulation under the slab is
shown in Fig. 3.

They took into consideration the convectite, shortwave radiatiorig(1-p)(1-z), and longwave
radiation,q;, veq, heat transfer between the vegetation and envieohmand a latert,., as well. The only
interaction between the vegetation and soil is@asslito take place through longwave radiat@oi-veg
although the soil interacts with the environmentrégeiving incident solar radiatidg(1-p)zs as well as
by exchanging longwave radiation;, s,;. Heat is conducted through the soil, slab, andlat®n,
denotedgconquct@nd convectionH,,om and raditationg; .om as heat transfer to the room. The green roof
model was validated by both the University of Kalmel FSEC studies.
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Fig. 3 Green roof energy balance. All terms shownra energy fluxes[8]

Conclusions.Only five of more than twenty models have beenl@m@nted in the building energy
simulation programs, such as EnergyPlus, TRNSY®-E&nd MIT. Still, not all of these GLR models
are part of the software’s official release. Theydst differences between the models were in theswa
each mass and heat transfer phenomenon was catsidEne lack of appropriate and easy-to-use
building energy simulation that integrates GLR medeomplicates the evaluation of the green roof
performance at the early stages of the buildinggdgsrocess or the optimization of the green raesfign
at this stage and assessment of the impact onuildinyg and the urban level. The validations ofsihe
models differ and do not follow any particular ool or standard. Unfortunately, no study has regplor
the whole-building energy data to evaluate the ittgpaf green living roofs on the energy consumption
of buildings and no study has compared and valktiatere than one model at a time. Consequentlg, it i
difficult to evaluate which model is more accuriastéerms of the actual energy performance of bogdi
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OTJIST IMITAIIITHOT MOJIEJI 3EJIEHOTO IAXY

[aTeTrpartis npupoau, )KUBHUX, OPTaHIIHUX MaTEepialliB, IPH MPOEKTYBaHHI 320y I0BaHUX TEPUTOPIH i
OymiBebHUX KOHCTPYKLIH € apXiTeKTypHOIO BiAMOBIIAI0 HA EKOJOTiIYHI MPOOJIEMU TyCTOHACENCHHX
MICBKUX TepuTopiii. Ha Micmi, me oOMexeHi 3elIeHI Haca/PKeHHS, O3CJICHCHHS 30BHINTHHOI 000JIOHKH
OyxiBii € BHUpIMICHHSIM TaKWX MUTaHb, K TEIUIOBI XBHJIi, 3aTOIUICHHS, IIyM 1 3a0pyIHEHHS MOBITPA.
IlepeBaru 1i€i TexHOJOTII MOXXHa IEepeAOAYNTH JIUIIE 3a JTOIMOMOTOI0 TOYHOI IMITAIIMHOI MOJIETI.
Eneprernunmii OamaHC 3e€JI€HOTO Jaxy MOCTIKEHO Kpi3h NMPHU3MY MoJelield, po3poONeHUX pPi3HUMHU
aBTOpPaMH TPOTATOM OaraThbOoX pOKiB. BuUTBIIiCTE MoOzene po3po0ICHO Ta MATBEPIHKCHO TaHUMH 3
eKCTCHCUBHHX J1axiB, 1 Oinbin Hixk 50% Moseneil mepeBipeHoO 3 BUKOPUCTAHHSIM JaHUX 3 TIOMipHO-TEIUINX
KJIIMaTHYHUX 30H. MOXJIMBICTP BHM3HA4YEHHS BIUIMBY 3€JICHHX [axiB Ha PI3HUX eTamax iXHbOro
apXiTEeKTYpHOTO TIPOEKTYBAaHHA Ma€ HaWOIIbINEe 3HAYCHHS, SKIO 3aCTOCYBAaHHS IIi€i TEXHOJOTIl
3aIJIaHOBAHO 3 ypaxyBaHHSM ii BIUTMBY Ha OyiBIIIO 1 MiCHKHIA PiBEHB.

Jlume ATk 3 ORI HDK ABAAIATH MOJENEH Oyso peani3oBaHO Yy TpOrpaMax MOJICTIOBAHHS
eHeprocrnoxxuBanus Oymieii, Takux sk EnergyPlus, TRNSYS, ESA-MIT. TIpote He Bci 3 1ux Mojeneit
3€JICHOT0 JIaXy € YaCTHHOI OQILIHHOr0 BUITYCKY MPOrpaMHOro 3abesrnedeHHs. HaiOinbimi BiAMIHHOCTI
MK MOJEISAMH HOJSITAIN Yy TOMY, SIK OyJIO PO3IIISIHYTO KOKHE SIBHIIE TEIUIO- 1 MacooOMiHy. BigcyTHicTb
HAJI)KHOTO Ta MPOCTOr0 Y BUKOPUCTAHHI MOJENIOBAHHA EHEPrOoCHOXKMBaHHS OyHiBIi, IIO IHTETrpye
MOJIEIl 3€JICHOr0 [1axXy, YCKJIAJHIOE€ OIMIHKY e€()EeKTHBHOCTI 3€JICHOr0 JaXy Ha paHHIX eTamax Mpolecy
NPOEKTYBaHHs OyniBii a00 ONTHUMI3aLiI0 MPOEKTY 3€JICHOTr0 Jaxy Ha LbOMY €Talli Ta OLiHKY BIUIUBY Ha
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OynmiBmio Ha piBHI MicTta. [linTBep/KEHHS ITUX Moiernei Bi,Z[pi3H}IIOTBC}I 1 HEe BIAMOBITAIOTH TICBHOMY

IPOTOKOITY abo crannapry. Ha xaib, y )0XHOMY JOCIIUKCHHI HeMa 1HQOpMalii IpOo eHepreTHyHi JaHi

uinoi OymiBml JUIs OUIHKM BIUIMBY 3CJICHMX JaXiB Ha CHEPrOCIOXUBAHHs OyJiBEIb, y JKOLXHOMY

JOCITIJDKEHHI He 3/1iCHEHO MOPIBHSAHHS 1 HE MiJTBEPIHKCHO OLIbIIE HiXK OJJHY MOZETh 32 oauH pa3. OTxe,

Ba)KKO OLIIHUTH, sIKa MOJIEIb O1bIII TOUYHA Y KOHTEKCT] pealibHOI €HePreTHYHO1 €(h)eKTUBHOCTI OyAiBEIb.
Kuarouogi ciioBa: 3eneHwmii qax, iMiTaliliHe MOJICITFOBaHHS, MOJICIIb, Oy IiBHHUIITBO.
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