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ABSTRACT

The complexity of the goal and the diversity of factors determine that the green building is a complex system.
However, previous studies were mainly aimed at single structure of a green building. Therefore, a systematic
research on green buildingsis necessary to carry out based on a whole green building system. In order to realize all
benefit requirements of the green buildings, the theory of complexity science and system science analysis, and
methods of various technical measures are adopted to study the mutual relations of project goals and the
influencing factors. From the perspective of system research, this paper built a green building technology system
model, decomposed and combined a series of theories and technology adopted in green buildings, which formed a
green building design under the restriction of independent structures, different targets, and functional integration
technology module systems.
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INTRODUCTION

Building and construction industry is vital to pide human development needs. This professionabispobvides
multiple products to enhance the quality of lifewever, it is recognized that the construction ficas are one of
the major contributors of environmental problenms2012, U.S. Department of Energy estimated thdtlibgs in
the United States accounted for 73.6% of totaltetety expenditures, and 40% of the total carbonissions. In
order to address the said environmental concenesgancept of sustainability has been introducettheéobuilding
construction sector. The aim of green buildingsoislevelop environmentally friendly constructioragtices that
contribute in energy savings, reductions of emissi@and reuse and recycle of materials. Reseamhsstihat green
building practices can considerably reduce thedingi's environmental impact in terms of energy aomption. For
example, a survey of 99 green buildings in the éthibtates showed that an average of 30% less ewagysed in
green buildings compared to the conventional bogdi

The US Green Building Council's (USGBC) LeadersimpEnergy and Environmental Design (LEED) green
building certification label has grown in populargince it was first introduced in 2000. For manyrgea was
commonly assumed that a LEED-certified building sagaergy, though little performance data were atégl to
confirm this assertion. Early studies of a selettE®D buildings yielded encouraging results. Onehssitidy by
Rick Diamond looked mostly at Federal Buildings.oftrer study looked at a group of LEED buildingsthe
Pacific NW. In 2006 the USGBC commissioned the Newildihgs Institute (NBI) to study energy use by
commercial buildings certified under the LEED newnstouction (NC) version2 program. NBI completeditthe
study in 2008 and concluded that LEED certificatias, on average, yielding a 25-30% energy savihlgat study
immediately drew criticism for its methodology bathgathering and analyzing data. NBl made theia @ailable

to other researchers for independent analysisatitisor being one of them.

The NYC Energy Benchmarking public dataset cont&ids$ data for 1044 large office buildings, comprigan total
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of 30.17 million nf (324,746,000 sf). Manual inspection revealed suahe buildings appeared more than once in
the database. If, in such cases, one record stobdsocredible the credible record was retainedathdr records
deleted. If a single credible record could notdentified then all records associated with the ngidvere deleted.
This process eliminated 42 records. 10 more bugldatords were deleted because their site EUI vgeraigh as to
be unbelievable, ranging from 11,740 to 953,000MAJ1035-84,000 kBtu/sf).4 Finally, 39 additional oeds with
site EUI<340 MJ/rh (30 kBtu/sf) were also eliminated because theit ®ere judged to be unreasonably low. The
remaining data set contains credible records f& @ffice buildings, total area 28,571,000 (807,545,000 sf) and
source EUI equal to 2890 MJr{255 kBtu/sf), 3% lower than that of the 21 LEEGIBings.

LEED Office Match Source EUI Distribution
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Figure 1. Each rectangle in this figure representsre of the LEED-21 office buildings. The height of tb rectangle is the source EUI and
the width represents the floor area of the buildingas a percentage of the 2.01 million m2 (21.6 milkogsf) for the building set

Fig. 1 is a bar graph of the source EUltioese 21 LEED office buildings with bar widchosen to
represent the floor area for each building aagpercentage of the total area containedhi& 21 buildings
and color chosen to represent the levelLBED certification—Gold (yellow), Silver (gray)and Certified
(green). The area of each rectangle represtmatsannual source energy (not intensitypeiased with each
building.
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Figure 2. Source EUI histogram for LEED NYC office hildings (plotted up in green)and all NYC office buidings (plotted down in red)
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Fig. 2 compares the area-weighted source Bidlogram for the LEED-21 office buildings dped up in
green) with that for the 953 NYC office biuilgs (plotted down in red). The area-weightezhns for the
two histograms are represented by Gaussiameswith widths matching the standard dewiai of these
means (sdm). The graph confirms that the msaumrce EUI for the LEED-21 building set islightly
higher than that for the 953 non-LEED NYCfiad#s. The “overlapping” Gaussian curves inicthat this
difference is not statistically significant ramely, the means of the two data setstaoe close to resolve
given their uncertain-ties (standard deviatmnthe mean).China is the country with the latgepulation in the
world. It has had double-digit rates of economiovgh in the past two decades. This growth spuriguidr
construction in the past 20 years. This rapid caotbn has tremendous impact on the energy consompnd
environmental conditions in China; in particulae #nergy use intensity (consumption per squarerjpfeteheating
and air-conditioning for buildings. In 2005, Chigabuilding sector accounts for 27.8% of total eyenge and
probably accounts for 40—45% of total energy usenflife-cycle prospective [1]. Although the buildirenergy
codes in China have been developed over two decHggs seems no major improvement to the eneiffgyiezfcy
of buildings in China. A survey of the energy penfiance of office buildings in China was conductadthe
Ministry of Construction (MOC) in year 2000. Thengey result showed that only 2.1% of the surveyailidings
satisfied the prescribed energy performance stanf@dr Decision therefore has been made by the morent to
reinforce the energy efficiency of buildings in @&i[3]. Mixes of regulatory and voluntary instrurteemave
subsequently been introduced; which many beliewen®re cost effective approach in dealing withiemmental
problems [4]. The “Design Standard for energy éfficy of public buildings GB50189-2005) [5]” andeth
“Standard for lighting design in buildings (GB5063@04) [6]" are the two mandatory codes controllergergy use
in office buildings. The codes set minimum perfonee criteria on building envelope components, andhs
heating, air-conditioning and lighting systems. Are ambitious energy conservation target is sptifn the
recently issued voluntary building environmentaessment scheme “Evaluation standard for greedibgi(GB/T
50378-2006)" [7]. The scheme (abbreviated as ESiSB)dministered by China’s Green Building OfficeB@)
established in April 2008. Up to June 2009, 10dinds have been successfully certified by ESGB K8}, details
of the ten buildings are not available in publiar@on. Although ESGB has been introduced in Chinhas been
observed that major building developers in Chinamadly undergo additional assessment to demonstrae
improved environmental performance of their buitdessets in attracting international investorstt@f building
environmental assessment schemes introduced iwereliff regimes, the most-adopted scheme in China is
undoubtedly Leadership in Energy and Environmebisign (LEED) scheme, which is developed by US Gree
Building Council (USGBC). The scheme has registguemjects in progress in 24 different countriesg ap to
March 2012, there are altogether 172 certifiedgmisjin China [9].

OVERVIEW OF LEED AND BEAM PLUS

LEED is developed by the US Green Building CoufdisGBC) for the US Department of Energy and sdddhe
most recognized building environment assessmeminsehThe pilot version (LEED 1.0) for New Constioietwas
first launched at USGBC Membership Summit in Augli888. In March 2000, LEED Version 2.0 based on
modifications made during the pilot period was askd. Since then, LEED continues to evolve to mdgo the
needs of the market and to expand to cover othédibg types and constructions including LEED foew
Construction: Offices, LEED for Schools, LEED fooi@ & Shell, LEED for Existing Buildings, LEED fdtomes,
LEED for Interior Construction and LEED for Neighhood Development. The current LEED for New
Construction was released in February 2010. Cumersions for other building types were also redeiais 2010. In
LEED for New Construction Version 2.2, several dms have been made in comparison to Version 2r4thyFi
energy modeling is no longer a basic requiremené fOlfillment of the prescriptive requirementsrefevant codes
as defined by the US Department of Energy can leel @s an alternative. Moreover, the energy perfocma
assessment has been updated to require compliatitedAppendix G of ANSI/ASHRAE/IESNA Standard 90.1-
2007 and to include small power loads in the cakimh as “process energy” loads. Furthermore, tiero
compliance paths that yield fewer points have hegonduced, of which is easier and cheaper to aehfer small
projects. There is also a new energy modeling padtand more stringent performance criteria.

LEED adopts energy budget cost approach for evataihe compliance of all proposed designs, whinbvides
flexibilities in making trade-offs among the perfeances of different energy sources, envelope adssmdnd
service systems. A baseline building is assumechtoulate the energy cost budget for performansesssnent,
whereby the characteristics are specified accomlamASHRAE 90.1-2007 standard. The achievemerttigifer

energy performance levels of an assessed buildioglculated based on annual energy consumptioc@sidising
the Building Performance Rating Method in the ASHRAtandard. The trade-offs are allowed within aater
design features including the envelope design,ethergy performance of major equipment’'s and théaliies!

lighting intensities. The standard requires the afseimulation programs that provide detailed hbyshour energy
analysis of buildings.
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Tablel Overview of LEED and BEAM Plus

LEED BEAM Plus
History First Version 1998 (Version 1.0) 1996 (Versions 1/96)
Latest Version 2009 (Version 2.2) 2010 (Version 1.1)
Building types New construction (0] (@)
Interior construction (0] -
Core and shell @) -
Neighbourhood developme (0] -
Existing (0] (@)
Renovated (0] (@)
Mixed-use @) o}
Assessment method Certification Hour-by-hour simulation
Approach Energy cost budget Energy budget

BEAM Plus is a voluntary scheme first launched acBmber 1996. The original BEAM Plus scheme is rbHie-

BEAM which comprises two versions, one for new (IBBEAM 1/96) and the other for existing office buitdjs
(HK-BEAM 2/96). It covered a wide range of issuetated to the impacts of office buildings on theimment in
the global, local and indoor scales. In 1999, aoididt versions for new residential buildings andehduildings
were issued, together with updates of the new aidirgy office buildings versions. Reviews of HK-BE 1/96

and 2/96 were done in 2003 and 2004 to addressnfiiementation problems experienced and to exphadange
of building types that the scheme could cover, ilggado the introduction of new versions: one fomnleuildings
(4/04) and the other for existing buildings (5/0&hey were formally launched in 2005. Recentlyoa&ged with
re-naming of HK-BEAM into BEAM Plus, Versions 1.@rfNew Buildings and Existing Buildings were reledsn

2010.

In HK-BEAM 4/04 and 5/04 versions, revisions haweb made to expand the range of building develofsrtbat

can be assessed; to include additional issuesiikding quality and sustainability; and to incredbe weightings
given to building energy efficiency. One of the oraghanges is the adoption of a new energy perfocma
assessment framework that is based on the enemgebapproach. The assessment is made by calguldn

annual energy use for the assessed building angarimg it against the energy use of a commensiraseline

building, both of which are to be determined by paiter simulation. The latest versions of BEAM Paaopt the

same approach in their energy performance assetsmen

It can be seen in the above that several revidiane been made to LEED and BEAM Plus since they leaen
launched. To enable comparisons are conducted ersdme basis, their latest version for new buikliage
benchmarked. Accordingly, the evaluation is based lBED for New Offices Construction 2009 and BEANu$
for New Buildings 2010. Hereafter, they will be gilpreferred to as LEED and BEAM Plus. Major simiiie@s and
differences of the two schemes, as discussed aboysummarized in Table 2. Have the most sigmificapact on
the overall rating , rating systems utilize.

Table2 The credit scale

Credits LEED BEAM Plus
Annual energy cost saving (Ak6s1) (%) Annual energy use saving (ARC) (%)
1 10.5 10
2 14 14
3 17.5 18
4 21 22
5 24.5 26
6 28 30
7 315 34
8 35 38
9 38.5 42
10 42 45
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Figure 3. Mean, median, first and third quartile (left); Differences in mean values (LEED non-LEED)denter); Effect size
(Spearman Rho) (right) of occupant satisfaction wh the building for four non-environmental factors (office type, spatial layout, building
size and time at workspace)
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Figure 4. Mean, median, first and third quartile (left); Differences in mean values (LEED non-LEED)denter); Effect size
(Spearman Rho) (right) of occupant satisfaction wh the workspace for four non-environmental factorgoffice type, spatial layout,
building size and time at workspace)

However, it must be noted that the mean votes ofijpant satisfaction with the building (Fig. 3) amith the work
space (Fig. 4 ) as well as with the other 15 IEGpeeters featured in the CBE survey database wsyslhigher in
enclosed offices than in open spaces for both LEfDn@n-LEED certified buildings. These results arkrie with
the conclusions of that detected in private offeaggnificantly higher satisfaction with the amoahspace e which
was found to be the most predictive factor of &atison with the workspace. Satisfaction with moster IEQ
parameters was also significantly higher in privaatd shared offices than in cubicles with high, lomno partitions.
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Figure 5. Building site energy consumption by endse in 2010

Figure 6. DesignBuilder model of the studied buildig

Figs. 6 show an actual photograph and theigd8uilder model of the studied green buiidirespectively.
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Figure 7. Displays the heat transfer of the studiedreen building through the walls and roof in the vinter typical week

Based on the information in Fig. 7, genelighting is the highest indoor heat emittipurce in the
summer typical week, which is followed by théazing and exterior windows. These 3 fexfwroduce 70%
of the heat gains in the studied greendmgl. In order to improve the energy perfonc® of the studied
building, an energy efficient lighting desighosld be considered. It will not only reduttee cooling energy
requirement but also the power use for aidifitighting. To mitigate the heat gain thgh the glazing and
windows, shading devices and the double-skiny, ade could be utilized. Gratia and Derd¢ stated that
the solar protection devices, such as blinctsyld substantially reduce the solar energyngy through the
glazing and windows, and Chan et al. In thimter, the building’s energy loss distriloutis different
from the energy gains in summer. 26% of &mergy was lost through the building facadgiszing, walls,
and roof), 3% through the ground floor, andnajor part (69%) through the external irdiiton.
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EVALUATION OF GREEN BUILDING

Floors 29-31

Floors 26-28
Floors 24-25
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Floors 16-19

Floors 12-15
Floors 9-11

Floors 3-8

Figure 8. ‘Average floors’ model (left) and a typial ‘Average floor’ in the three tools (right)

Shown in fig.8 and fig.9, the case-study buildie¢ested for the study is a 14,000 sgm, 32 storgesttresidential
hall, located in London, UK. The building is congeil of 470 studios and several common areas. tiisrbdloors
as well the south — west fac, ades of its top eso(R4th to 32nd floors) are fully glazed. The dast ade of the
building has 10% glazing, and the other facadestwden 16 and 20%. Due to the complexity of the-sisdy the
model was simplified through the use of one ‘averfigor’ for every 2-5 adjacent

Table 3 A comparison of the modeled ‘Designed’, ‘dtional’ and ‘Baseline’ building properties

Glass—frame ratio  10% of window area

Category Designed building Notional building (BREEAM) Baseline building (LEED)
Simulations’ . . . L L
orientation As designed As designed 4 simulation in a 90rotation interval
Model geometry As designed As designed As designed
Thermal zones ZE;?(? room Is-a thermlgg designed building As designed building

) 0 . - 0
Fenestration As designed 1.5 m x full fac, ade width, or 40% of wall arBame as designed building, or 40%wail

whichever smaller Sill height — 1.1 m area, whichever smaller

Not mentioned in ASHRAE 90.1-2007.

o )
10% of window area Modeled as 10% of window's area

Domestic hot water
Energy source
Efficiency
Ventilation rate

As designed: gas boiler As designed
SCoP: 90%

5 nt/h per nt envelope ¢

Minimum SCoP: 83.6%
2 ACH at occupancy timégéccording to NCM’s databa%e

ASHRAE 90.1-2007 sec 7.4.1: Electricity

Minimum SCoP: 93%
As designed

Infiltration® 50 Pa.0.35 ach 5n/h per nfenvelope at 50 Pa. 0.35 ach Same as designedriguildi
Internal gains Hourly data by SPPARC  As designed As designed

Thermostt 20-25C As designed As designed

go\lﬁ(':‘f WIFC)  As designed NCM 2010 ASHRAE 90.1.2007
External wall 0.24 0.26 0.365
Internal wall 18 1.8 0.365
Fenestratioh 1.65 1.8 2.56
Ground floor 0.2 0.22 0.2
Upper floor/ceiling 0.19 1 0.214
Periphery 0.005 0.005 0.005

For LEED EA credit-1, the performance improvemeratsvealculated (evaluated by energy expense) fdr thet
‘Designed’ and ‘Baseline’ buildings by each BPSItdeig. shows that despite the differences in therall
predicted energy demand generated by the varioSstB#éls, the performance improvement between tlesighed’
and ‘Baseline’ building was similar in all threeots (around 3%). Though transforming the ‘energgnded’ into
‘total energy expenses’ increased the performampeavement from 3% to 8%, neither of the BPS tebiswed an
improvement of more than 10% (a minimum value resliby LEED). Therefore, neither of the simulatioves
able to achieve any LEED EA credit-1 points.
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Figure 9. A typical 3-8 ‘Average floor’ floor plan (left) and west elevation of the building (right)

Table sums up the score of the energy sectionsfdhe overall scores of BREEAM and LEED, as it wakulated
by each BPS tool.

A comparison between NCM 2010 and ASHRAE 90.1-2606@ws that although NCM and ASHRAE ‘Designed
building’ energy demand were practically identiéal each BPS tool (Fig. 8a), the differences betwéen
‘Designed building’ system properties in each seaddHVAC and domestic hot water systems,
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Figure 10. EPR-NC components in the ‘Designed’ antNotional’ buildings

The results illustrated in Fig. 10 and Talleshow that despite the variation in totadergy consumption
between the BPS tools, the calculated perfooc@maimprovement of the ‘Designed building’ mgzared with
the ‘Notional building’ for each consumptioarameter (demand/delivered/CO2 emissions) weémglas in

all three BPS tools (approximately 2% improest). As a consequence, the Ene-01 scorallithree tools
was within the same range (6-7 Ene-01 «kdithe difference between the overall BREEAMore for
each tool was under 1%. Fig. 6 also ithtsts the impact of the transition from tbaginal BPS tools
outputs — ‘energy demand’ — into ‘Energy deled’ and ‘CO2 emissions’ values. In all BR&ls this
change increased the calculated performandieratice between the ‘Designed’ and ‘Notiondluildings

from 2% to approximately 10%.

Table 4 Sub-index weights heavy green building

And
Section with Energy_ Water . materials Indoor . Operation
conservation conservation and h Construction
the outdoor . Environmental and
. and energy and water material . Management
environment Quality Management
use use resource w6
wl w5 w7
w2 w3 use
w4
Residential
Design building 0.20 0.30 0.20 0.15 0.15 0 0
Evaluation  Public 0.15 0.35 0.10 0.20 0.20 0 0
Buildings
Residential g 0.20 0.20 0.10 0.15 0.10 0.10
Run building
Evaluation Public
Buildings 0.10 0.25 0.15 0.15 0.15 0.10 0.10
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ZQ=wW,Q1 +W Qo +W5Q5+W,4Qs+WsQs+WeQs +W/Q 7

Modular contains two main processes: the deconmiposihodule and module integration. Modular decontjmrs
refers to a complex system behavior according ttaicerules of contact ( interface standard ) cardbcomposed
into semi- independent design self-discipline ssbmys ( modules ) have a certain function of ; neé¢iegration
is in accordance with the rules established corftatterface Standard ) sub-modules will be decasegdantegrate
constitutes a more complex system or process. To@ular design is based on the modular decomposition
accordance with established rules of contact madudeing a different function is formed to integr#te integrated
system to meet different functional requirementadpct). Ulrich believes that when the product dedlexibility
and rapid innovation has become a major factor,utamdiesign is particularly important. Proper impéntation of
modular, it can accelerate product innovation tgloautonomy (within the module) and modularity (rand match
between the modules). When the system reachedaincscale independence, modules significantly betwthe
elements, modular design with respect to the iatémm of design more environmentally strain, modtyais an
effective way to manage complexity. Modular degigm form a modular structure ) is divided intoglrstages: (1)
design rule stage , to determine the modular deositipn rules ; ( 2 ) independent parallel actitage design for
each module individually designed ; ( 3 ) systetegnation and testing phase, the module is intedr&d form a
system to meet the functional requirements .

CONCLUSION

With the continuous promotion of the concept oftaumable development in the social, economic deraknt,
construction of sustainable development has be¢benéocus of world attention. Green building in @rdo achieve
" people - Architecture - Nature" harmony amongtivee , and sustainable development as the go#igiwhole
life cycle of the building to maximize the conseiga of resources ( energy, land , water, matepialprotect the
environment and reduce pollution as a means tcemelsustainable development. Green building hasrbean
inevitable trend in building research and developtm€ountries in the world combined with nationahditions,
from sustainable development, the harmonious ctenés of man and nature studies on the angle ehdrailding
technologies, policies, regulations and standa@is: researchers learn from other countries on thsisbof
advanced research , combined with China 's natioraditions for green building content, technologggulations,
standards , etc. were studied green building systasnbegun to take shape . Based on past studiasilaferal
green buildings, from the perspective of systenotp®f green building design goals, influencingtéas, such as
green building technology with a systematic stuglyd based on the theory and design of a modulaoapip to
green building technology systems and design mstbhbdesearch and application. This paper stutliesallowing
conclusions : ( 1 ) From the perspective of greeilding systems starting to study the relationshiu mutual
influence between the target system for green imgjld green technology, construction and otheiiriaic construct
a model of green building technology system . (8¢ Tise of a modular theory, combined with the dhtarsstics of
green building technology systems, green buildeahhology system for discrete representation ofieery and
methods proposed green building techniques to lauidodular system. Namely the use of AHP, efficjescore
was constructed a modular system of green buildewhnologies and green building programs cast Block
According to the theory and methods of green bagdiechniques to build a modular system, combingd the
region’s climatic conditions and resources to baildreen building technology modular system. (i8S proposed
based on the modular integration of green buildiagign methods and design process , and greenngugdogram
evaluation studies , including research evaluatimiex system , evaluation methods. Evaluation miefhrmposed
"green building evaluation technical details” gréeiiding technologies and design solutions baseduies.
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