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Abstract: Projected population growth and urbanization rates will create a huge demand for new
buildings and put an unprecedented pressure on the natural environment and its limited resources.
Architectural design has often focused on passive or low-energy approaches to reduce the energy
consumption of buildings but it is evident that a more holistic, whole-life based mindset is imperative.
On another scale, the movement for, and global initiatives around, low carbon cities promise to
deliver the built environment of tomorrow, in harmony with the natural boundary of our planet,
the societal needs of its human habitants, and the required growth for economic prosperity. However,
cities are made up of individual buildings and this intimate relationship is often poorly understood
and under-researched. This multi-scale problem (materials, buildings, and cities) requires plural,
trans-disciplinary, and creative ways to develop a range of viable solutions. The unknown about our
built environment is vast: the articles in this special issue aim to contribute to the ongoing global
efforts to ensure our built environments will be fit for the challenges of our time.

Keywords: low carbon cities; low energy buildings; sustainability transitions; shelter; building stock;
building lifetime; carbon flux

1. Introduction

Projected population growth and urbanization rates will create a huge demand for new buildings [1,2]
and put an unprecedented pressure on the natural environment and its limited resources [3,4].
Architectural design has often focused on passive or low-energy approaches to reduce the energy
consumption of buildings [5] but it is evident that a more holistic, whole-life based mindset is
imperative [6]. On another scale, the movement for, and global initiatives around, low carbon cities
promise to deliver the built environment of tomorrow, in harmony with the natural boundary of our
planet, the societal needs of its human habitants, and the required growth for economic prosperity.
However, cities are made up of individual buildings and this intimate relationship is often poorly
understood and under-researched (e.g., [7,8]). UN Secretary-General Ban Ki-moon said “Our struggle
for global sustainability will be won or lost in cities.” [9]; the scale of the challenge is enormous and at
stake is our planet and the very livability of a human existence as we know of it, and as we imagine
and hope our lives could, and should, be. Truly understanding the problem is intimately interwoven
with a sense of urgency and a great worry. We hope that the contributions in this special issue can go
some way towards mitigating the environmental impacts of buildings and cities, advancing the still
very limited understanding of our own built environments, and contributing to the global movements
for regenerative approaches to the design of buildings and cities in order to protect the life we have on
the planet and, if possible, restore the life we have lost.

Sustainability 2020, 12, 9189; doi:10.3390/su12219189 www.mdpi.com/journal/sustainability1
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2. Context

The sustainability of buildings and cities is a long-standing, contentious issue. The movement of
the Garden City, for instance, started at the beginning of the previous century and clearly clashed with
the over high-rise construction in many parts of the world in the 1950s due to housing shortage [10].
Towards the end of the 20th century, technology and computer modelling pushed strongly towards a
positivist paradigm of techno-optimism led to believing the problem had been sorted [11]: we simply
needed computer models (and their continuous refinement) in order to simulate, measure, and improve
everything. An unrealistic techno-optimism has also been identified as a cause to lack of progress on
resource efficiency [12]. This lasts to these very days, with the next big step seemingly being a full
integration between Building Information Modelling (BIM) and Geographic Information System (GIS)
“for the future development of society, especially in the field of the sustainable built environment”
(p. 50) [13]. However, it took nearly 400 years to advance—with pretty simple algebra—Galileo
Galilei’s square-cube law [14] to discover a dimensionless factor that consistently quantifies the degree
of compactness of building forms only as a function of their shape, thus regardless of their size
(and volume) [15].

On another scale, the circular economy has emerged as a wholly alternative paradigm to
mainstream growth policies. The idea is simple: decoupling economic growth from environmental
impacts, but with its 114 definitions (and counting . . . ) [16] a widely agreed understanding of what it
actually is seems to still be lacking. Also, its materialization is stagnant: while there are significant
advances in many sectors, these are often misrepresented or misinterpreted applications of the 3R
principle (reduce, reuse, recycle) and the waste hierarchy. The complexity of the built environment
further hinders a straightforward applicability of the concept of the circular economy [17], and while it
is clear that technological and regulatory development will be needed [18], it is equally clear they will
not suffice and need to be complemented by shifts in business models and people’s behaviors [19].

Another barrier to a comprehensive understanding and advancement of the sustainability discourse
in the built environment is the recurring, and wholly unnecessary, division between embodied and
operational energy, CO2 emissions, and—in general—environmental impacts [20]. Previous beliefs
assumed operational energy would be all that matters since buildings have long lifespans. However,
with increased energy efficiency and thus a reduction in operational energy demand, the balance is
shifting, with embodied carbon quickly rising to dominate the global agenda on how to reduce the
climate change impacts of buildings [21,22].

Lastly, a Global North-centric approach may also limit significant sustainability breakthroughs
when 7 in 10 urban residents of our urbanized world live in developing countries, with the greatest
urban population growth and urbanization expected to take place in Africa, Asia, and Latin America [9].
To this, one should add the increasing trend of worrying figures on global displacement due to natural
disasters and human caused conflicts: there were 79.5 million forcibly displaced people worldwide at the
end of 2019 (1% of the global population). Approximately 68% of them came from just five countries in
the Global South and 73% are hosted by neighboring, likely developing, countries [23]. This South-South
migration is often dominated by an urgency that impedes consideration of sustainability, despite
refugee camps that are as big as medium-sized cities. As a consequence, our understanding of what
actually matters in such contexts from an interdisciplinary sustainability perspective has only just
began [24].

3. Content

It would be impossible for any collection of studies to comprehensively address the breadth,
depth, and overall research size of the issues presented above. However, the articles in this special issue
cover well several key elements that are crucial to foster our understanding of low energy architecture
and low carbon cities.

Wang et al. [25] translate China’s emission reduction regulations into a contextualized and
tailored approach for a specific building type: high-speed railway station buildings in cold climates.
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They reconcile the embodied and operational energy and emissions, through life cycle assessment
(LCA) which is used in combination with BIM. Their analysis concludes that the ratio between
embodied and operational impacts is 1:4, and they identify mitigation strategies that can address
both. Space optimization for instance, reduces operational greenhouse gas (GHG) emissions as
well as embodied emissions through reduced material demand. The highest reduction strategy,
which combines interventions on space, envelope, and materials, shows a 28.2% improvement
compared to a baseline scenario, and they also conclude on the important point of implementing
measures that focus on space optimization early in the building design stage.

Zhang et al. [26] focus on the multi-scale carbon-carbon dioxide (C-CO2) dynamics of subtropical
urban forests and other green and grey infrastructure in Shanghai, China. Their work measures the
C-CO2 flux from different contributing areas depending on wind direction and atmospheric stability.
Although the urban landscape they assessed is a net carbon source, urban forest patches functioned as
a carbon sink. Their results aim to establish low-carbon-emitting planning and planting designs in
the subtropics. Given China’s rapid urban development, embedding green infrastructure in urban
planning can represent a significant step forward towards the partial mitigation of impacts caused by
urban agglomerates.

China is also the focus of the article by Zhou et al. [27]. They analyze building lifetime and
stock turnover as the key determinants in modelling energy demand and emissions of building
stocks. To address the data scarcity in official statistics or empirical data, they present a novel system
dynamics model that adopts survival analysis to characterize the temporal differences between new
construction, aging, and demolition of residential buildings in the Chinese context. The authors cover
the entire residential stock of China over 11 years (2007–2017) and find that the average lifetime of
urban residential building is around 34 years and that the overall stock size reached 23.7 billion m2 in
2017. The implications of their results are profound if we reflect on the improvements that could be
achieved by extending the service life to meet the full potential offered by materials and construction
techniques, which generally goes well beyond a whole century.

China is a top contributor to both global energy demand and GHG emissions, and as such its
low-carbon policies will have profound effects on us all. The effects of one such policies, the Low-Carbon
Pilot Initiative (LCPI) that was implemented in July 2010, have been scrutinized in detail by Yu et al. [28].
Significantly, the authors moved from previous approaches based on estimates and worked on
unified carbon emissions data for 1997–2015 obtained from the China Emission Accounts and
Datasets. Their analysis employs a novel synthetic control method to establish the impact of LCPI on
regional carbon emissions and uses the Guangdong Province—the largest of China’s low-carbon pilot
provinces—as a case study. Their results show a 10% abatement of emissions due to the implementation
of LCPI, demonstrating the effectiveness of such policy but also warning on the need for continuous
adjustments during the implementation.

A regional perspective also characterizes the work by Li et al. [29], who employed Social Network
Analysis (SNA) to investigate the spatial correlation network structure of the CO2 emissions in the
Beijing–Tianjin–Hebei urban agglomeration. The authors construct a synergetic abatement effect model
to calculate its effect in the cities and examine the influence that spatial network characteristics have on
it. They find that Beijing and Tianjin are at the center of the emissions’ spatial network, thus playing
important roles that can control other carbon emission spillovers between the cities, obtaining a
center-periphery structure of their network. This is useful in regional coordinated development,
where areas with higher economic growth and lower pollution levels can be regarded as learning
examples, and thus lead the way for other regions. Notably, their research shows that it is hard to
achieve long-term emission reductions by solely imposing reduction targets in each individual city,
whereas establishing a trans-regional emissions reduction coordination mechanism is suggested as
the way forward. Similarly to Yu et al. [28], Li et al. [29] also call for a continuous adjustment and
optimization of the spatial network structure of the CO2 emissions.

3
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Shi et al. [30] bring the focus back to cities and offer us a novel, standardized evaluation index
system for low-carbon cities in China, applied to Xiamen as a case study. Notably, the authors integrate
the perspective from thee index systems—(i) the Drivers, Pressures, State, Impact, Response model
of intervention (DPSIR), (ii) a complex ecosystem, and (iii) a carbon source/sink process—to extract
common indicators for low-carbon cities. They focus on quantitative input data to remove potential
biases introduced by human subjective judgements. In the application to Xiamen as a case study over
the 2010–2015 period, their analysis shows that the index of low-carbon development in 2015 was
higher than that in 2010, while the rate of economic growth was greater than the growth rate of carbon
emission, thus indicating that the relative decoupling of economic growth from carbon emission was
to an extent partly achieved.

This concludes the works focused on China covered in our special issue. Such breadth of topics
with some very novel contributions is refreshing given the sheer volume of impacts and building stock
associated with China. The focus, spanning across different scales of analysis–from individual buildings
to the trans-regional dimension of multiple cities–also demonstrates a much-needed multi-disciplinary
approach to foster sustainable architectures and urban development.

The remainder of contributions in the special issue address three distinct topics, but the common
theme is that none of them focuses on buildings or cities of well-known developed countries. We see this
as a strength of the special issue, as seeking contributions from under-researched and underexplored
areas has been one of our main objectives since the outset.

Abdullah and Alibaba [31] address the key topic of thermal comfort by focusing on window design
and natural ventilation. This is already a crucial element in building design and will become even
more important with a growingly warming global climate. Natural ventilation is a well-known passive
design strategy that costs nothing but introduces the “indoor air quality-thermal comfort” dilemma,
as the authors define it. Their analysis, which is based on computational modelling and simulation,
addresses various degrees of window opening as well as different window-to-floor rations. In the
Mediterranean climate of Cyprus, they find that unshaded windows under the most effective design
and ventilation strategy are able to provide thermally comfortable indoor environment for 50–60%
of the occupied hours. In addition to the factual finding, and in concordance with Wang et al. [25],
they emphasize the importance of non-siloed sustainability considerations early in the design stage
when room for improvement is at its maximum and the impact on costs minimal.

Reus-Netto et al. [32] offer a key contribution to mitigate the lack of utilization of energy rating
systems in Latin America. They identify two issues: a lack of building energy efficiency regulations
in some countries and an excessive complexity of such ratings or tools—where they do exist—that
limits their adoption. To this end, they develop a simplified calculation method to estimate energy
consumption of residential buildings. Their model is tested on 42 locations, by considering diverse
climatic conditions and the fulfilment of different thermal transmittance requirements. The model
offered in the article—which demonstrated a high reliability in a thorough statistical analysis presented
by the authors—requires seven climatic characteristics as input data, and within the sociocultural
context of Latin America has, according to the authors, more chance of being accepted and applied,
thus increasing the rate of buildings with an energy assessment.

We conclude this editorial by presenting the only paper we co-authored in the special issue,
in which Alshawawreh et al. [33] qualify the sustainability of novel designs and existing solutions
for post-disaster and post-conflict (PDPC) sheltering. In this article the authors show that due to the
constrained environment in which PDPC sheltering takes place, sustainability is seldom considered in
spite of the severe practical consequences that doing so inflicts, both on people and the environment,
as well as incurring higher costs in the long run. Significantly, Alshawawreh et al. [33] systematically
categorize both existing solutions and novel designs along key (social, environmental, and economic)
sustainability dimensions to identify best practices and learn lessons from what worked in the field and
what did not. Each sustainability dimension is extensively discussed and analyzed and the article offers
key recommendation for both the design stage and material choices. It is hoped that this work will
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represent a stepping stone to enable the growth of a new research area, that considers the sustainability
of refugee shelters and camps as seriously and as imperatively as the sustainability of the buildings
and cities that host us all.

Author Contributions: Conceptualization, F.P.; writing—original draft, F.P.; writing—reviewing and editing,
F.P. and B.D. All authors have read and agreed to the published version of the manuscript.
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Abstract: Energy ratings and minimum requirements for thermal envelopes and heating and
air conditioning systems emerged as tools to minimize energy consumption and greenhouse gas
emissions, improve energy efficiency and promote greater transparency with regard to energy use
in buildings. In Latin America, not all countries have building energy efficiency regulations, many
of them are voluntary and more than 80% of the existing initiatives are simplified methods and are
centered in energy demand analysis and the compliance of admissible values for different indicators.
However, the application of these tools, even when simplified, is reduced. The main objective is
the development of a simplified calculation method for the estimation of the energy consumption
of multifamily housing buildings. To do this, an energy model was created based on the real use
and occupation of a reference building, its thermal envelope and its thermal system’s performance.
This model was simulated for 42 locations, characterized by their climatic conditions, whilst also
considering the thermal transmittance fulfilment. The correlation between energy consumption
and the climatic conditions is the base of the proposed method. The input data are seven climatic
characteristics. Due to the sociocultural context of Latin America, the proposed method is estimated
to have more possible acceptance and applications than other more complex methods, increasing the
rate of buildings with an energy assessment. The results have demonstrated a high reliability in the
prediction of the statistical models created, as the determination coefficient (R2) is nearly 1 for cooling
and heating consumption.

Keywords: method of simplified calculation; energy consumption of buildings; multifamily residential
building; temperate climate; Latin America

1. Introduction

Energy labelling of buildings and minimum requirements for insulation, solar control and
performance of Heating, Ventilation and Air Conditioning (HVAC) systems emerged as tools to
minimize the energy consumption and greenhouse gas emissions, improve the energy efficiency and
promote greater transparency with regard to energy use in buildings [1].

The energy consumption of buildings is established by means of the relation between the energy
demand and the performance of the mechanical space conditioning systems. The energy demand
varies according to climatic conditions, the characteristics of the thermal envelope and the operative
conditions of the building (occupancy, household appliance usage habits, equipment and lighting).

The first energy efficiency of building regulations emerged in the 1950s, in France, Switzerland
and Germany, due to the concerns of the government entities to decrease the high heating energy
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consumption of buildings [2]. Rating initiatives emerged in the 1990s in United Kingdom, Germany
and Canada with the objective to assess the energy efficiency and CO2 emissions from buildings [3–5].
Currently, both regulations and rating schemes are very developed in the majority of these countries [2].

Regions in temperate climates represent the greatest territorial extension, with the highest
population density, and so have the highest energy consumption. These countries cover 57% of the
world population and are responsible of 68% of world’s total primary energy consumption [6].

The temperate climates (C according to the Köppen classification)—Figure 1—are defined as
having an average temperature above 0 ◦C in their coldest month but below 18 ◦C. Regarding the
summer heat, “a” indicates the warmest month’s average temperature is above 22 ◦C while “b” indicates
the warmest month averages below 22 ◦C, but with at least four months averaging above 10 ◦C; and “c”
indicates less than four months averaging above 10 ◦C. Countries like Morocco, Italy, Spain, Portugal,
France, United States, Australia, Chile, Canada, Argentina, Brazil, Turkey, Switzerland, Greece, India,
China, Japan, Mexico are examples of countries with locations with temperate climates [7].

Figure 1. Development of building rating systems in temperate countries. Own elaboration adapted
from the Köppen–Geiger climatic classification [7].

In order to know the energy rating context in countries with temperate climates, 47 initiatives for
regulation and energy rating, distributed among 27 countries, were revised (Table 1). Almost half (48%)
of the 47 initiatives revised are compulsory and cover the national territory. It has to be highlighted that,
while all developed countries studies have energy efficiency regulations and energy rating schemes,
not all emerging countries have the tools to assess the energy efficiency of their buildings.
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Table 1. Building energy efficiency regulations and rating schemes in countries with temperate climates.

Country Building Qualification System Evaluation

Africa
Morocco Thermal Regulation of Construction in Morocco—RTCM C

South Africa Energy efficiency in buildings—SANS 204 C
Asia

China Evaluation standard for green building C
China Code for acceptance of energy efficient building construction C
India Energy conservation building code—ECBC C
India Green rating integrated habitat assessment—GRIHA C

Japan Design and Construction Guidelines on the Rationalization of Energy Use for
Houses—Dcgreuh R

Japan Comprehensive Assessment System for Built Environment
Efficiency—CASBEE D, C

Central America
Costa Rica Requirements for Sustainable Buildings in the Tropics—RESET R

Europe
Germany Passive house—Passivhaus C
Germany Energy Conservation Ordinance—EnEV C

Spain Technical building code—CTE D
Spain Energy certification of Spain C
France Energy performance diagnostic—DPE C
France Thermic regulation 2012—RT 2012 C

Italy
Decree 26 06 2015-Application of building energy performance calculation

methodology and definition of minimum specifications and requirements for
buildings (15A05198).

C

Portugal Regulations on Thermal Behaviour of Buildings—RCCTE D
Portugal System for Energy and Indoor Air Quality Certification of Buildings C

United Kingdom Building Research Establishment Environmental Assessment
Method—BREEAM C

United Kingdom Energy Performance Certificate—EPC C
Swiss Standard of thermal energy in building construction—SIA380/1 D
Swiss Sustainable building standard—MINERGIE C

Turkey Thermal insulation requirements for buildings-TS 825 C
Turkey Energy Performance Certificates C

North America
Canada Building Environmental Performance Assessment Criteria—BEPAC C
Canada Green Building Challenge—GBC C

United States Leadership in Energy & Environmental Design—LEED C
United States Building energy quotient—bEQ C

Mexico Sustainable Buildings Certification Program—PCES C
Mexico Mexican norm of sustainable building-NMX-AA-164-SCFI D

South America
Argentina Law 13059/03-Thermal Conditioning Conditions R
Argentina Energy performance in residential units—IRAM 11900 R
Argentina Hygrothermal aspects and energy demand of buildings-Ordinance 8757/11 R

Brazil Brazilian Building Labeling Program—PBE Edifica C
Brazil High environmental quality—AQUA BRAZIL D
Brazil Seal Blue House-SELO AZUL R
Chile Home Energy Rating—CEV C
Chile Sustainable Building Certification—CES D

Colombia Sustainable Construction Technical Regulation R
Ecuador Ecuadorian Construction Standard R

Paraguay Parameters of thermal comfort—NP 4901715 R
Peru Thermal and Light Comfort with Energy Efficiency-EM.110 R

Uruguay Reduction of energy demand for thermal conditioning-Resolution N◦ 2928/09 R
Oceania

Australia Building Codes of Australia C
Australia Nationwide house energy rating scheme—NatHERS C

New Zealand New Zealand Building Code—NZBC C

C = Energy consumption, D = Energy demand, R = fulfilment of normative requisites.

Due to the analysis of the application of these regulations and schemes, two contexts are
highlighted: the European Union and Latin America.

In the European Union, policies and strategies of each country member are conducted by the
European Directives, the directives 2002/91/CE [8] and 2010/31/UE [9] being the most influential in the
implementation of energy efficiency regulations and of the building energy rating scheme. They require
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European member states to achieve a particular result without dictating the means of achieving that
result. Directives normally leave member states with a certain amount of leeway as to the exact rules
to be adopted. Directives can be adopted by means of a variety of legislative procedures depending on
their subject matter.

In Latin America, each country develops and implements the policies and strategies of its territory,
as well as the regulatory framework for buildings. Not all Latin American countries have regulations
focused on the energy assessment and energy efficiency of buildings. Furthermore, many regulations
and energy rating schemes are voluntary [10].

The main compulsory initiatives in Latin America are the Brazilian Programme for Energy
Labelling of Buildings (PBE Edifica) and the case of Rosario (Argentina). The first one requires an A
level for new public buildings; the second one requires the fulfilment of certain values for thermal
transmittance, risk of condensation, air permeability and cooling and heating thermal loads, established
in the Ordinance 8757/11, in order to obtain the necessary licenses [10].

Regarding the assessed values of the building energy efficiency initiatives revised Table 1, in Latin
America, 62% assess the achievement of certain requisites (thermal transmittance, solar factor, thermal
capacity . . . ), 19% evaluate the energy demand and 19% focus on energy consumption. In Europe
and the rest of the world, these proportions are different, with the main proportion of these initiatives
centered on energy consumption, followed by the assessment of the energy demand, shown in Figure 2.

 

Requisites

Energy Demand

Energy Consumption

Revised initiatives

Rest of the World Europe Latin America

Figure 2. Evaluation criteria according to the regulations and certifications of countries with a
temperate climate.

According to Krstić and Teni [11], building performance evaluation models can be classified as
black, grey or white box. The black box is the model with the least information required to the user
and the white box is the model with the highest information required to perform the energy evaluation
of the building.

A black box model uses a simple mathematical or statistical model which relates a set of influential
input parameters. The energy prediction under this model is based on a statistical approach according
to a relevant database.

A white box model is based on building physics, and requires a detailed description of the building
and its thermal systems. What is known as the general method, based on energy simulations using
DOE 2 or EnergyPlus, which calculates the dynamic energy performance of the building [12], can be
included in this classification. This model uses complex tools, requiring a high level of expertise,
and consumes lots of time and resources [13].
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A grey box model mixes both above-mentioned methods, as it requires certain key parameters
identified from a physical model and the energy prediction is based on statistical methodologies.
In these models, a rough description of the building geometry is enough.

The input data for simplified methods (black or grey box models) are diverse. The analysis of
43 simplified methods focused on energy consumption (Table 2) shows that the most common input
data is weather data (16), followed by characteristics of the building (13), energy bills (13), occupancy
loads (11), characteristics of the thermal envelope (8), characteristics of the HVAC systems (5), building
typology (5) and other inputs. In total, 23 of those methods are destined to residential buildings, 14 for
office buildings, 5 for commercial buildings and only one is for any use.

Table 2. Energy building performance simplified models: input data.

Year Authors Country Typology Input Data

1991 Bartels & Fiebig Australia R HC
1994 LaFrance & Perron Canada R W + EE + P
1995 Kreider et al. United States O W + HC
1995 Hsiao et al. - R O + HC
1996 Jaccard & Baille Canada R HC
1998 Farahbakhsh et al. Canada R B + O
1999 Fung et al. Canada R B +W + EE + P + PE
2000 Kalogirou & Bojic - R W + BE
2002 Shipley et al. Canada O B + HC
2002 Lins et al. Brazil R HC
2002 Mihalakakou et al. Greece R W
2004 Shimoda et al. Japan R O
2005 Parekh - A B + O
2006 Petersdorff et al. European Union R W + BE + T
2007 Kadian et al. India R HC
2007 Raffio et al. - R W + HC
2008 Swan et al. Canada R B
2009 Hu China O W + B
2010 Fumo United States R HC
2010 Lam China C B + O + EE
2010 Li China R B
2010 Min et al. United States R O + HC
2010 Wong et al. - O W + BE + O
2011 Escriva-Escriva et al. Spain O HC
2012 Melo Spain O B + T
2012 Aranda Brazil C B +W + EE
2013 Filippín Argentina R HC +M
2013 Korolija United Kingdom O B + T + EE + BE + O
2013 Zhou S. & Zhu N China O W + BE
2014 Asadi United States C BE + T
2014 Braun United Kingdom C HC
2014 Fan China O W
2014 Farzana China R W + O
2014 Jain United States R W
2014 Johnson United States R O
2014 Mena Spain O W
2014 Mastrucci - R B + P
2015 Shams Amiri United States C BE + T + O
2015 Salvetti Argentina R B + O
2016 Pulido-Arcas Chile O BE + EE
2017 Pino-Mejías Chile O BE
2018 Nath Lopes & Lamberts Brazil O W + B + BE + EE + O
2018 Ran Yoon South Korea O O

Typology: R= residential, O = office, C = commercial, A = any type.W = weather, HC = historical consumption,
B = building, BE = Building Envelope, EE = Equipment Efficiency, M =measured, O = occupation, P = demographic
density, PE = price of electric power, T = typology.
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The simplified method of Petersdoff, Boernans and Hamish [14] is based on five building typologies
with eight different levels of thermal insulation simulated on three climatic regions of Europe: cold,
moderate and warm. Wong, Wan and Lam [15] proposed a model for office buildings with daylighting
controls in subtropical climates, considering four climatic variables, four envelope variables and the
type of day. Korolija, et al. [16] developed a model to predict the energy consumption of HVAC in
office buildings in the United Kingdom, from four building typologies, seven envelope variables,
five HVAC systems and five operational variables. Nath and Lamberts [17] established a simplified
model to estimate the cooling energy consumption of an office building by simulating it on 18 Brazilian
cities. They modified 15 building parameters, 12 HVAC system variables and three occupancy variants.
The cities were selected based on a classification of the Brazilian local climates-cities-on 18 groups
based on an index built from degree-hours and enthalpy.

The presence of general methods in Latin America is very low and their application is very
scarce. The lower amount of required information and the lower time consumption of the simplified
methods have allowed many Latin American national initiatives to be based on simplified methods.
In fact, more than 80% of the Latin American initiatives are simplified methods and are centered on
energy demand limitation or in the establishment of minimum requirements of the thermal envelope.
However, the application of these tools is reduced.

It has to be highlighted that the energy assessment based on the energy demand or the
characteristics of the thermal envelope does not integrate all the present heat interchange processes
and does not account for energy consumption and greenhouse emissions, as the performance of HVAC
systems are not taken into account.

The main objective is to develop a simplified calculation model to estimate energy consumption
in order to assess the environmental impact of the building stock and to guarantee a higher acceptance
and application in Latin America, with the objective of increasing the number of buildings with energy
evaluations. This work is focused on multifamily housing buildings due to their high representativeness,
especially in cities with a population greater than 200,000 habitants [18].

2. Materials and Methods

In order to create a simplified energy consumption estimation model for residential buildings in
temperate climates for Latin America, the next steps were followed, as shown in Figure 3:

1. Analysis of current energy building performance initiatives.
2. Data collection: case study, user energy performance and present environmental conditions.
3. Development and calibration of the energy model.
4. Simulation scenarios: locations and U-value thresholds and proposals for walls and roofs.
5. Energy consumption and linear regression.
6. Equations for energy consumption estimation.

The aim of the first step is the finding of the common parameters of the thermal envelope of
the residential building energy performance initiatives for those countries of Latin America with
cities located in temperate climates, in order to get the threshold values, which will conform the
simulation scenarios.

The second step aims at gathering all necessary information needed to define and characterize
the case study in order to build the energy model: the geometrical and constructive definition of the
case study, the elaboration of the users’ profile and the present environmental performance of the case
study [19]. This case study, a residential building, is representative of this type of residence, as shown
in the national office of statistics of each selected country.
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Figure 3. Scheme of the methodology created.

The third phase compares the monitored environmental performance of the case study with
the simulated results in order to calibrate the energy model. Once the energy model was calibrated,
the simulation scenarios were defined which are the function of the locations of the selected countries
with temperate climates and the legislative threshold values for common thermal envelope parameters
found in the first step. Finally, five constructive scenarios representing the variety of these threshold
values are defined.

In order to get the energy consumption and its variation from the simulation scenarios, the thermal
model of the original case study is simulated for each location of each country and for each location
changing the constructive scenario according to its national requisites.

The correlation between the energy consumption data and the climatic variables is studied
due to the development of linear regression statistical models where the most relevant variables
are highlighted.

Finally, once these variables are identified, the correlational equations for heating and cooling
estimation are defined, forming a simplified method for energy estimation based on few climatic data,
easily available for building agents.

These steps can be grouped in two: development of the experiment and statistical analysis.
The first group, covering the steps 1 to 4, is exposed in this chapter and the statistical analysis of the
energy consumption and development of the correlational equations, steps 5 to 7, are shown in the
results chapter.

2.1. Analysis of Current Energy Performance of Buildings Initiatives

Focused on Latin American context, the actual initiatives for energy performance of buildings
centered on residential buildings were prioritized, which include objective requisites about comfort
and energy efficiency. The initiatives for residential buildings from countries with at least five locations
with temperate climate and the availability of weather files for EnergyPlus (epw) were selected.

The analysis also includes the Spanish scheme for being a referent in Latin America due to
historical linkages and the use of a common language, among other factors. Furthermore, climatic
similarities with the temperate regions of Latin America and their weather files for energy simulations
are available, enabling a comparison between the Spanish minimum requisites and the Latin American
threshold values [20–22].

Table 3 shows the National Building Energy Rating schemes, the mandatory standard that limits
the characteristics of the thermal envelope and the parameters limited. In bold are the common
parameters of the thermal envelope of the selected schemes.
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Table 3. National Building Energy Rating (NBER) schemes for residential buildings and their correlated
thermal envelope standard (TES) in Latin America and Spain.

Country NBER and TES Parameters of the Thermal Envelope

Argentina

IRAM 11900:2007
Law 13059:2003

IRAM 11604:2001
IRAM 11605:1996
IRAM 11625:2000

IRAM 11507-4:2010

U-value: walls, roof, floor, glazing
Global losses coefficient

Solar Heat Gain Coefficient (SHGC)
Air infiltration rate
Condensation risk

Brazil PBE Edifica
RTQ-R

U-value: walls, roof
Thermal capacity: wall and roof

Solar absorptivity for opaque enclosures
Window to Wall ratio

Natural ventilation factor

Chile CEV
Thermal Regulation

U-value: walls, roof, floor, glazing
Thermal inertia

SHGC
Air infiltration rate

Mexico
Ecocasa

NOM-020-ENER-2011
NOM-024-ENER-2012

U-value: walls, roof, floor, glazing
Comfort range

Spain

RD 47/2007
RD 235/2013

Technical Building Code:
Energy Saving Document

(CTE DB-HE)

U-value: walls, roof, floor, glazing, internal partitions
SHGC

Air infiltration rate
Condensation risk

The selected Latin American initiatives for energy efficiency of buildings were the Argentinian
Thermal Conditioning Standards (Law 13059:2003) [23], the Brazilian Building Labelling Programme
(PBE Edifica) [24], the Chilean scheme for Housing Energy Rating (CEV) [25] and the Mexican
Programme Ecocasa [26].

In the Argentinian context there is an energy rating scheme for residential buildings, the IRAM
11900:2017 standard, but this is of voluntary fulfilment and is based on the requirements of the Law
13059:2003 which forces different IRAM standards related to the characteristics of the thermal envelope
to be applied.

The Brazilian Programme includes the Technical Regulation of Quality for the Energy Efficiency
Level of Residential Buildings (RTQ-R [27]), which limits the values of the different parameters of the
thermal envelope according to the bioclimatic zone of the location. The Chilean context is similar; the
Building Energy Efficiency Rating is based on the limited values determined in a specific legislative
document called Thermal Regulation [28]. The Mexican Building Energy Rating is mandatory for new
housing and is based on the calculation program of PassivHaus, which requires the minimum levels
specified in the Official Mexican Standards (NOM), also compulsory. The Spanish context is similar to
the Brazilian, Chilean and Mexican contexts: there is a Building Energy Rating scheme which also
allows for the certification of the fulfilment of the thermal requirements of the thermal envelope.

The common parameter of the thermal envelope that is limited by the selected schemes is the
thermal transmittance (U-value) of the external walls (vertical and horizontal, i.e., walls and roofs). So,
this parameter is selected to be modified and then to build different simulation scenarios.

2.2. Data Collection

2.2.1. Case Study

Nowadays, more than 80% of the population of Latin America and the Caribbean live in cities [29].
Data from the Economic Commission for Latin America and the Caribbean (ECLAC) [30] show that
the percentage of the population that lives in cities with more than 20,000 inhabitants in Argentina,
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Brazil, Chile and Mexico is 79.8%, 70.6%, 80.3% and 70.2% respectively. Furthermore, according to
the Economic Commission for Latin America and the Caribbean (CEPALSTAT) [31], the percentage
of urban housing in these countries is 90%, 83%, 86% and 76% respectively, with approximately 75%
on property.

Housing buildings are the most representative building typology in countries with temperate
climates and are the greatest energy consumers during their useful life [18]. In Spain, 68% of
residential units are located in multi-family buildings, being the majority in cities with more than
5000 inhabitants. It was found that 56.3% of residential units have no thermal insulation [32].
This percentage is lower in Latin America, but still of relevance; 57% of the Chilean residential buildings
are located in metropolitan cities; of this buildings, 81% are multi-family residential buildings [32].
In Argentina, 21.38% of residential units are located in multi-family buildings in cities with more than
20,000 inhabitants [33]. In Brazil, the average amount of multi-family buildings is 35% [34]. A lower
presence of multi-family buildings can be found in Mexico [35].

The case study is a multi-family building based on traditional building fabric, designated to
middle class families according to the Brazilian Programme “Minha Casa Minha Vida” Figure 4.

 
Figure 4. Case study: multifamily building.

The structure is of reinforced concrete; the external walls are based on brick masonry with a plaster
layer on both sides; the windows are simple glazed with aluminum frame without solar protection;
the roof is based on a concrete slab and aluminum–zinc tiles. The U-values are 2.51 W/m2K for the
external walls, 1.96 W/m2K for roofs, 5.80 W/m2K for windows and 2.88 W/m2K for the internal floors.

The building is located in a plot of land at the center of Criciúma, Santa Catarina, Brazil, being
28◦41′ South its latitude. According to Köppen classification, its climate is Cfa (humid subtropical
climate), characterized by hot and humid summers, and mild winters [7]. According to the Brazilian
Standard NBR 15.220: Thermal Performance of Buildings [36], Criciúma is located in climatic zone
II, characterized by an annual average daily temperature higher than 18 ◦C, as shown in Figure 5.
The urban land is mainly plane, the surrounding is based on isolated multi-family buildings, so there
is no vegetation or other buildings to obstruct the solar incident radiation or exposure to wind.
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Figure 5. Location of Criciúma: zone II of the bioclimatic map of Brazil.

2.2.2. User Energy Performance

In order to define the occupancy and usage profile to be incorporated to the energy model,
a survey of the inhabitants of the case study was carried out. A questionnaire was developed as a
google formulary and sent by email to the responsible of each residential unit. From a population of
480 inhabitants, a response rate of 11% was recorded.

The focus of the survey was the understanding of those phenomena that could influence
perceived comfort levels by recollecting information related to occupancy habits, HVAC preferences,
possible modification of the internal covering, as well as perceptions about thermal comfort inside
their dwellings.

The structure of the survey was composed of two introductory sections and four sections asking
about occupancy, activities, timing, thermal comfort perception, air conditioning equipment and
actions followed to reach thermal comfort Figure 6.

Perception of comfort

With passive 
strategies

With mechanical 
system

User behaviour 

Occupancy 
schedules

Occupation of 
spaces

Usual activities

Climate 
adaptability

Air conditioning 
preferences

Equipment 
used

Usage 
schedules

Natural 
ventilation

Passive 
strategies

Internal materials

Application of 
thermal 

insulation

Figure 6. Fields of observation.

The introductory sections were informative and exposed the objective of the survey, its extent
and the expected time to fulfil it. The first group of questions was focused on the identification of the
users’ opinion about their perceived thermal comfort under two situations: using or not using HVAC
equipment. The following section asked about their habits: how they occupy and use their dwelling
and how they are dressed while they stay at home. The next section focused on the preferences for using
HVAC equipment: type of HVAC equipment, frequency of use, operation mode, natural ventilation
and other passive strategies followed by the users. The last section asked about the constructive state
of the dwelling in order to know if the thermal envelope had been modified.
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The survey was based on multiple choice questions. An example can be found in Figure 7.
Once the answers were received, they were analyzed in order to get statistical information about user
behavior (an example is shown in Figure 8). Based on this statistical information, the user profile could
be created.

 
Figure 7. Multiple choice question example.

 

0%

20%

40%

60%

80%

100%

Main Bedroom Bedroom Living room Kitchen Bathroom

0,5 h 2 h 4 h 8 h

Figure 8. Statistical analysis of one of the questions of the survey.

The surveys showed that two-bedroom dwellings were mostly occupied by two inhabitants;
meanwhile four inhabitants were the majority occupancy for three-bedroom dwellings. The daily time
duration of each user activity was 8 h for sleeping, 8 h for working, 2 h for cooking and eating, 2 h for
cleaning and personal care and 4 h for entertainment.

The users adapted their clothing according to seasonal variations, being tropical for summer
(clo = 0.3), intermediate for spring and autumn (clo = 0.5) and light coated for winter (clo = 1.0).

Bathrooms, kitchen and common circulation areas were spaces where ventilation was the main
strategy for thermal conditioning, meanwhile bedrooms and the living room used air conditioning
equipment (if any). The HVAC systems on dwellings are air-to-air heat pump splits, fans and radiators.
During summer, 100% of inhabitants used fans to reach thermal comfort at any time during the
day, meanwhile 63% of the population use the split heat pump. However, 63% opened the window
every time they wanted to ventilate the dwelling. Only 16% of the users maintained closed windows.
During spring and autumn, 46% used fans, 9% used the split and 4% needed to use electric radiators.
In these seasons there was a great portion (37%) which did not use any mechanical space conditioning
system, and 24% kept their windows closed. During winter, those occupants with split systems used
them (63%), 22% had and used electric radiators and 20% of the population did not use any heating
equipment or did not have it. In this season, 54% of the inhabitants kept their windows closed.
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The dwellings are equipped with a fridge (24 h functioning), two PCs and two TVs that are utilized
for 2 h each, and the shower is used for 1 h. Daylight is the main lighting source from 8:00 h to 18:00 h
and there is a fluorescent lamp in each space which functions from 18:00 h to 22:00 h.

Surveys verified that inhabitants used adaptive comfort practices. The operation hypothesis, thus,
has been assembled bearing in mind the strategies and actions that are allowed per adaptive comfort
model, that is, the changes of clothing for inhabitants and the operation of windows in order to get the
dwelling ventilated, shown in Table 4 and Figure 9.

Table 4. Operation hypothesis.

Main Bedroom Bedroom Living Room Kitchen Bathroom

People 2 1 2 1 1
Hours 8 8 4 2 2

Activity Sleep Sleep Read/eat Cook Shower
Metabolism (W/pers) 72 72 110 230 180

Clothing (clo) Summer = 0.3 |Winter = 1,0 | Spring-Autumn = 0.5
Thermal zone Conditioned Ventilated

Tª setpoint Minimum = 18 ◦C |Maximum = 27 ◦C -
Air change rate 2

 

Figure 9. Occupancy hypothesis.

The environmental temperature range for comfort and HVAC was taken from the adapted Givoni’s
chart, with a minimum value of 18 ◦C and a maximum of 27 ◦C.

The air change rate was set to 2 ac/h due to the ventilation strategy of the users and the bad quality
of permeability of the window frames. This value is in accordance with the suggested values of the
standard IRAM 11.604/01 [37].

2.2.3. Present Environmental Conditions

In order to get the present environmental conditions of the building for the purpose of calibrating
the energy model, seven dwellings were monitored. Dry bulb air temperature (inside–outside),
relative humidity (inside–outside) and global exterior solar radiation were recorded for a time-step of
30 min from the 14th to 22th in January and from 10th to 18th in July, representing winter and summer
conditions, both in 2016.

Inside thermal conditions were recorded by two HOBO UX100-003 data loggers per dwelling
(in the main bedroom and living room), located 150 cm from the floor and protected from direct solar
radiation, shown in Figure 10. The external temperature, relative humidity and global radiation were
recorded with another HOBO data logger. The sensors were protected from direct solar radiation
and precipitation.
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Figure 10. Location of the sensors in ground plan: Apartment 303.

The measured values were drawn in the adapted Givoni’s chart, as it takes into account the
adaptability of the user to different temperatures and relative humidity ranges [38]. Although it is
designed to include only outdoor air conditions, indoor measured values were drawn in order to
confirm the strategies followed by users, as they had reflected on the surveys. The first comfort range
(zone E) considers relative humidity values varying from 30% to 50%; the second range (zone F)
considers an adaptation to relative humidity values of up to 80%. The temperature for a comfort zone
with low humidity varies from 18.5 ◦C to 27.5 ◦C but varies from 17 ◦C to 26 ◦C if the relative humidity
is high, shown in Figure 11.

Figure 11. Measured temperature and relative humidity in the adapted Givoni’s chart.

It can be observed that during the summer week, 3.24% of the measured hours in the living
room were in thermal comfort zone E without any air conditioning strategy. Considering the natural
ventilation and adaptation to high humidity, the percentage of hours in comfort increased to 28.70%.
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In the main bedroom, those values were 0.46% and 10.19%, respectively. It can be seen that the main
bioclimatic strategy followed by users to reach the comfort zone during summer is ventilation, as air
movement reduces the perceived temperature.

During the winter week, 6.49% of the measured hours in the living room were in comfort zone E
without passive strategies. As users in this period use artificial heating systems, and let solar radiation
enter the dwelling but keep the windows closed, the humidity increases but within a certain range,
and comfort hours increased this percentage to 49.80%. In the case of the main bedroom, those values
were 4.24% and 38.89%, respectively. It can be observed how the users’ strategies, obtained from the
surveys, during winter have a higher impact on reaching the comfort zone, even with high humidity,
than in the summer time.

2.3. Development and Calibration of the Energy Model

An energy model of the case study was created in DesignBuilder (version 5.0.0.137), based on the
widely respected EnergyPlus simulation program [39]. The input climate data were the energy plus
weather data (epw) [40], modified with the external measured data.

Geometric, constructive, occupancy, equipment, HVAC systems and usage characteristics were
created according to the obtained data from the documentation of the building and the user profile
created from surveys.

In order to validate the thermal model, a comparison between simulated internal temperature on
free running and the measured values from monitoring Figure 12.

Figure 12. Comparison between measured and estimated interior temperature.

It can be observed that, in summer, the maximum measured temperature was 31.1 ◦C, meanwhile
the maximum estimated temperature was 35.3 ◦C. In winter, the maximum inside measured temperature
was 20.3 ◦C and the estimated was 26.2 ◦C with a thermal time lag of 11 h. These values indicate that
the energy model overestimates the temperature values, so it was necessary to identify the sources of
uncertainty in order to calibrate the model.

Regarding the measured values, it was observed that the heterogeneity of the values was the main
uncertain source. The total typical uncertainty of the measured values was 0.15 ◦C (95% confidence
interval, coverage factor k = 2) indicating that the uncertainty is low and that the air stratification
during the most critical summer and winter week is negligible.

The geometry of the model was the actual geometry, as it was measured from the case study.
The properties of the materials were manually introduced based on the real construction. The weather
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file is a statistical compilation, so there is a difference between measured data and the data contained
in the weather files. Occupancy and internal loads were also a source of uncertainty, as the user profile
was created based on the survey, which implies certain subjectivity.

A sensitivity analysis was carried out between three outputs and the parameters of thermo-physical
properties of the materials, the general conditions of the building and its surrounding in order to
assess the uncertainty of the energy model. The operative temperature was found to be the output
which better reflects the modification of the parameters of the model. To adjust the model, the most
influential parameters were the air change rate and the thermal conductivity of concrete in roofs and of
the brick layer in walls.

The result of the energy balance showed that internal loads and solar heat gains were a significant
heat source that provoked the estimated temperatures to be higher than the measured ones. Internal
equipment loads and lighting were eliminated from the model and, due to the results from the
sensitivity analysis, the air change rate was modified. Thermal properties of the roof and walls were
not modified in order to keep the representativeness of the simulation scenarios.

Calibration of the model was performed according to guidelines from ASHRAE Guideline 14 [41].
This guideline states that a model could be considered validated if its mean bias error (MBE) is no
larger than 10%, and if the coefficient of variation of the root-mean-square error (CV(RMSE)) is not
larger than 30% when the hourly data is used for the validation. The validation was based on the
monitored and simulated dry bulb indoor air temperature, which was measured in 30-min intervals.

In each monitoring period, the MBE and CV(RSME) satisfied the 10% and 30% limits respectively
for indoor air temperature, as recommended in ASHRAE Guideline 14.

2.4. Simulation Scenarios

In order to build a simplified calculation method and assess the energy consumption difference
due to the fulfilment of the minimum requisites of thermal transmittance defined by the Argentinian,
Brazilian, Chilean, Mexican and Spanish initiatives, two simulation series were carried out. The first
one consists of a simulation of the case study built in different locations with temperate climates.
The second one consists of a simulation of the case study in these locations but modifying the thermal
transmittance of the opaque elements of the thermal envelope according with the legal requisites of
the country.

2.4.1. Locations and U-value Thresholds

In order to establish the locations with temperate climates for the first set of simulations, cities from
Argentina, Brazil, Chile, Mexico and Spain with temperate climates and a population higher than
200,000 inhabitants were selected, totaling 307 locations. The information about population was
obtained from national censuses.

As energy consumption is highly related to climate rigor, and this is related to degree days [42],
cities with heating and cooling degree days higher than 1500 for each regime were selected, resulting in
42 locations, giving priority to those locations with a bigger population, more distance between them
and with available weather files.

The selected locations account for 19.05% of the population of Argentina, 2.52% of the population
of Brazil, 46.18% of the population of Chile, 13.53% of the population of Mexico and 8.69% of the
population of Spain, so the results would cover a significant population from Argentina, Chile
and Mexico.

Table 5 shows the selected locations, heating and cooling degree days (HDD and CDD), national
climatic zone classification and the minimum thermal transmittance for façades and roofs according to
their national requirements for thermal envelopes.
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Table 5. Selected locations.

Country Location CDD HDD Climatic Zone U Façade U Roof

Argentina

La Rioja 1368 621
Ia 0.93 0.45Santiago del Estero 1311 450

Corrientes 1308 192 Ib 1.00 0.45

Catamarca 1440 531 IIa 0.90 0.45

Paraná 738 750 IIb 0.99 0.45

Buenos Aires 732 771
IIIa 1.00 0.48Córdoba 705 714

Rosario 642 957

La Plata 525 1050 IIIb 0.95 0.48

Mar del Plata 141 1293 IVc 0.85 0.48

Brazil

Curitiba 243 681 1 2.5 2.3

Ponta Grossa 408 492
2 2.5 2.3Santa María 759 462

Blumenau 975 138

3 3.7 2.3
Chapecó 648 387
Criciúma 792 252

Florianópolis 942 183
Porto Alegre 894 372

Chile

Antofagasta 198 657 1 4 0.84

Copiacó 453 435
2 3 0.60Valparaíso 0 1434

Santiago 201 1375 3 1.9 0.47

Concepción 0 1490 4 1.7 0.38

Temuco 0 1334 5 1.6 0.33

Mexico

Aguascalientes 589 423 − 0.83 0.83
Ciudad de Mexico 195 330 − 0.9 0.9

Guadalajara 717 360 − 0.71 0.71
Hermosillo 1404 516 − 0.47 0.47

Juárez 996 1473 − 0.62 0.62
León 756 189 − 0.71 0.71

Monterrey 1388 237 − 0.55 0.55
Puebla 156 429 − 0.83 0.83
Tijuana 402 657 − 0.71 0.71

Spain

Málaga 864 693 A3 0.94 0.5

Murcia 1060 849
B3 0.82 0.45Palma 873 792

Valencia 864 756

Alicante 861 771
B4 0.82 0.45Córdoba 1080 999

Seville 1173 741

Barcelona 549 1276 C2 0.73 0.41

Granada 708 1360 C3 0.73 0.41

2.4.2. Proposals for Walls and Roofs

Five couples of thermal transmittances (façade and roof) were created in order to deal with the
requisites of each country. The first couple was established to be the U-values of the case study as the
façade and roof materials and configuration are traditionally used in Latin America.

Normative thermal transmittance for the façade and roof for each location were identified Table 5.
In Argentina, Brazil, Chile and Spain U-values vary depending on the climatic zone [22,28,36,43].
In Argentina, there is a difference between winter and summer requirements, so the most restricted
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values were chosen to fulfil both situations. In Mexico, U-values are only defined for certain locations as
the normative does not specify a climatic classification [44]; furthermore, there is a change in U-values
for buildings of more than three stories high, so the most restricted values were selected.

Finally, the admissible U-values were grouped based on similar ranges, excluding those values
corresponding to the case study. Four couples of U-values for the façade and roof were defined
in Table 6.

Table 6. Main composition of the five solutions for façade and roof.

Element Composition U W/m2K

Wall I Hollow ceramic brick—15 cm 2.510
Wall II Double ceramic brick wall—10 cm 1.823
Wall III Double ceramic brick wall with 1.5 cm of expanded polystyrene 20 kg/m3 1.101
Wall IV Hollow ceramic brick-15 cm with fiberglass—3.5 cm 0.821
Wall V Hollow ceramic brick with 5 cm of expanded polystyrene of 30 kg/m3 0.503

Roof I Concrete slab-15cm with alu-zinc roof tiles 1.960
Roof II Concrete slab-15 cm with fiberglass—3.5 cm 0.854
Roof III Concrete slab-15 cm with fiberglass—5 cm 0.680
Roof IV Concrete slab-15 cm with expanded polystyrene of 30 kg/m3—5 cm 0.526
Roof V Concrete slab-15 cm with fiberglass—10 cm 0.405

These additional U-values present different materials in the main structure of each element.
Excepting Wall II, all additional elements incorporate a thermal insulation layer. Walls are covered on
both sides with a plaster layer, the lower side of the roofs are also covered with a plaster layer and the
upper side of the slab is a layer of expanded clay.

In order to control the appearance of pathologies, the possibility of condensation risk was analyzed
for each wall–roof couple [45]. It was verified that, under normal climatic conditions, there is no
superficial or interstitial condensation risk in external walls and roofs.

3. Results

In this chapter, the statistical analysis of the simulation results and the development of the
correlational equations are shown. Finally, in order to contrast the results of the equations, they have
been compared with the energy consumption resulting from the energy rating schemes of the
countries selected.

3.1. Energy Consumption and Linear Regression

The improved energy model was simulated in the 42 locations (scenario R) and also in the
42 locations modifying the U-values of the façade and roof according to national requisites, grouped in
five couples (scenario N). The following energy consumption results were obtained, shown in Table 7.
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Table 7. Estimated cooling and heating energy consumption (kWh/m2/year).

Country Location Cooling_R Heating_R Cooling_N Heating_N Ave Cool Ave Heat

Argentina

La Rioja 152.5 150.3 113.6 114.5

81.21
60.87
71.04

238.77
172.57
205.67

Santiago del Estero 126.8 111.2 94.7 82.9

Corrientes 148.6 74 113.5 48.6

Catamarca 132.9 120.7 102.5 86.3

Paraná 70.3 209 51.3 150.6

Buenos Aires 43.6 339.9 32.9 242.5
Córdoba 37.8 258.3 27.9 183.6
Rosario 64.6 248.4 47.2 181.3

La Plata 30.9 364.8 22.6 263.6

Mar del Plata 4.1 511.1 2.5 371.8

Brazil

Curitiba 17.3 148.4 14.3 139.1

54.64
49.64
52.14

110.14
101.40
105.77

Ponta Grossa 32.5 112.5 28.1 103.3
Santa María 62.2 162.7 56.6 149.7

Blumenau 53.9 59.2 49.5 53.4
Chapecó 14 149.3 11.8 136.7
Criciúma 67.6 115 61.7 104.9

Florianópolis 92.9 33 85.6 30.4
Porto Alegre 96.7 101 89.5 93.7

Chile

Antofagasta 2.6 65.6 1.7 63.4

3.28
2.22
2.75

363.15
277.76
306.14

Concepción 0 507.5 0 392.4

Copiacó 1.2 238.9 0.6 200.3

Santiago 14.8 432.6 10.7 372.4

Temuco 0.9 632.4 0.3 506.8

Valparaíso 0.2 301.9 0 259.3

Mexico

Aguascalientes 42.2 36.6 31.5 25

79.93
58.68
69.31

96.87
67.60
82.23

Ciudad de Mexico 1.8 68 1 44.1
Guadalajara 26.9 63.3 17.3 48.6
Hermosillo 306.7 19.6 225.7 12.4

Juárez 101.7 359.3 72.8 248.3
León 36.5 14.7 27.7 7.9

Monterrey 194.3 92.2 147.5 56.7
Puebla 2.9 71.7 1.4 50.2
Tijuana 6.4 146.4 3.2 115.2

Spain

Málaga 49.9 213.3 40.1 139.6

56.99
43.24
50.12

327.48
220.60
274.04

Murcia 42.9 303.9 35.1 204.4
Palma 71.8 334.8 52.8 245.1

Valencia 72 297.2 53.1 206.8

Alicante 56.2 231 45.6 153.3
Córdoba 60.3 344.4 46.3 233.1
Seville 89.4 243.7 63.7 174.1

Barcelona 40.4 437.1 28.5 287

Granada 30 541.9 24 342

Average values: first line scenario R, second line scenario N, third line average between both.

It can be observed that, in general, the modification of the original U-values for the walls and
roofs in the requisite values of the national legislation, reduces the energy consumption for cooling
and heating.

It also can be observed that, although locations within the same climatic classification generally
trend to perform in a similar way (i.e., more heating than cooling consumption), there are cases where
different trends can be found in the same climatic zone.
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A multiple linear regression study was carried out in order to identify the climatic variables
more related to heating and cooling energy consumption. Geographic and climatic data for each
location were extracted by means of an analysis of the weather file with the Climate Consultant
software including the altitude, latitude, monthly average temperature (Tavg), relative humidity (RH),
global radiation (RAD), wind speed (Wsp) and sky cover percentage (SKcv).

Furthermore, degree days (DD) were calculated for each location by using the average temperature
(Tavg) of each location considering a base temperature of 18 ◦C [46]. The minimum and maximum
design temperature (Td) were also calculated. The maximum design temperature (Td max) was
calculated by adding 3.5 ◦C to the average maximum temperature (Tmax avg) corresponding to the
warmest month, and the minimum design temperature (Td min) was calculated by subtracting 4.5 ◦C
from the average minimum temperature (Tmin avg) corresponding to the coldest month according to
indications from IRAM 11.603 [45].

Monthly average temperature, relative humidity, global radiation, wind speed and sky cover
percentage values were delimited for two different situations in order to determine the set of data
more correlated with the variation of energy consumption. The first one considers the annual average;
the second considers the average of the three warmest months (average summer—as) to be correlated
to cooling consumption and the three coldest months (average winter—aw) to be correlated to heating
consumption, shown in Table 8.

Table 8. Input data for the linear regression analysis.

N ◦ Variable Definition

1 Cooling Cooling energy consumption (kWh/m2)
2 Heating Heating energy consumption (kWh/m2)
3 A Altitude (◦)
4 L Latitude (◦)
5 Tavg Average temperature—monthly (◦C)
6 RH Relative humidity (%)
7 RAD Global radiation (W/m2)
8 Wsp Wind speed (km/h)
9 SKcv Covered sky (%)
10 CDD Cooling degree—days
11 HDD Heating degree—days
12 TDmax Maximum design temperature (◦C)
13 TDmin Minimum design temperature (◦C)
14 Tmax-avg Average maximum temperature–hottest month (◦C)
15 Tmin-avg Average minimum temperature–coldest month (◦C)
16 RHas Average relative humidity for the three hottest months%
17 RHaw Average relative humidity for the three coldest months%
18 RADas Average global radiation for the three hottest months (W/m2)
19 RADaw Average global radiation for the three coldest months (W/m2)
20 Wspas Average wind speed for the three hottest months (km/h)
21 Wspaw Average wind speed for the three coldest months
22 SKcvas Average of covered sky for the three hottest months (%)
23 SKcvaw Average of covered sky for the three coldest months (%)
24 CDDs Average cooling degree-days for the three hottest months
25 HDDw Average heating degree-days for the three coldest months
26 TDmax-s Maximum design temperature for the three hottest months (◦C)
27 TDmin-w Minimum design temperature for the three coldest months (◦C)

The linear regression analysis was performed by SPSS software (version 15.0). The interpretation
of the results was based on the consideration of the values of the determination coefficient. R2 presents
null correlation between their variables if the value is 0; very low correlation if the value is between
0.01 and 0.19; low correlation if the value is between 0.2 and 0.39; moderated correlation if the value is
between 0.4 and 0.69; high correlation if the value is between 0.70 and 0.89; very high correlation if the
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value is between 0.9 and 0.99; and a perfect correlation if the value is 1 [47]. Positive values indicate
that dependent the variable increases as the independent variable increases; negative values indicate
that the dependent variable decreases as the independent variable increases.

The adjusted determination coefficient (R 2) was used to assess the reliability of the mathematical
model. The relevance of the statistical model and the significance of the variables were verified for each
case by means of the null p-value hypothesis test in the ANOVA and the probability values. A value
≤0.05 was adopted to test the hypothesis that the analyzed variable is of significance.

The method of multiple linear regression analysis was to add the variables forward, in which the
software identifies the variables most correlated with the dependent variable (energy consumption),
becoming the main variable. Lately, more variables are progressively added in order to increase
the R2, provided that they are influencers of the dependent variable and improve the statistical
model, becoming secondary variables. The latest model corresponds to the highest R2 between the
dependent variable and the main and secondary variables, becoming the optimal statistical model.
The independent variables not included are neither significant nor influential on the dependent variable.

Results from the multiple linear regression analysis are shown in Tables 9 and 10.

Table 9. Summary of statistical models considering a principal variable + secondary variables.

Condition Model Variables R R2 R2 Corrected Typical Error

Summer
1 CDD 0.936 0.877 0.874 16.39443
2 CDD. L 0.951 0.904 0.899 14.67044
3 CDD. L. CDDs 0.959 0.920 0.913 13.58502

Winter

1 HDD 0.929 0.863 0.860 59.35259
2 HDD. RADaw 0.946 0.895 0.889 52.78454
3 HDD. RADaw. Tmin-avg 0.962 0.925 0.920 44.95103
4 HDD. RADaw. Tmin-avg. Wspaw 0.968 0.938 0.931 41.58207

Table 10. Coefficients for the statistical models considering a main variable + secondary variables.

Condition Model Variables B Typical Error Beta t Sig

Summer

1
(Constant) −17.832 4.553 − −3.917 0.000

CDD 0.085 0.005 0.936 16.890 0.000

2
(Constant) −22.240 4.286 − −5.189 0.000

CDD 0.089 0.005 0.987 19.013 0.000
L −0.253 0.076 −0.172 −3.310 0.002

3

(Constant) −13.616 5.069 − −2.686 0.011
CDD 0.123 0.013 1.353 9.513 0.000

L −0.221 0.072 −0.150 −3.078 0.004
CDDs −0.207 0.076 −0.394 −2.735 0.009

Winter

1
(Constant) 8.300 16.202 − 0.512 0.611

HDD 0.282 0.018 0.929 15.887 0.000

2
(Constant) 192.751 56.100 − 3.436 0.001

HDD 0.242 0.020 0.799 12.359 0.000
RADaw −537.190 157.903 −0.220 −3.402 0.002

3

(Constant) 464.670 83.480 − 5.566 0.000
HDD 0.162 0.026 0.533 6.163 0.000

RADaw −933.288 167.410 −0.382 −5.575 0.000
Tmin-avg −14.385 3.622 −0.277 −3.972 0.000

4

(Constant) 394.912 81.366 − 4.854 0.000
HDD 0.164 0.024 0.541 6.759 0.000

RADaw −871.390 156.525 −0.357 −5.567 0.000
Tmin-avg −12.793 3.401 −0.246 −3.762 0.001
Wspaw 3.233 1.188 0.116 2.722 0.010
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It can be observed that degree days are the main variable for heating and cooling energy
consumption. The determination coefficients for both situations are 0.86 for heating energy consumption
(winter) and 0.87 for cooling energy consumption (summer), indicating a strong variation of the energy
consumption with degree days. The inclusion of secondary variables increased the correlation between
energy consumption and climatic variables.

The final statistical model presents R2 = 0.92 for summer and R2 = 0.93 for winter (heating energy
consumption). These results show that cooling energy consumption depends almost completely (92%)
on the variation of cooling degree days, latitude and cooling degree days for the three warmest months.
Heating energy consumption depends almost completely (93%) on the variation of heating degree
days, global radiation of the three coldest months, average minimum temperature and average wind
speed for the three coldest months.

Although heating and cooling degree days are the most influential variables on heating and
cooling energy consumption, it is observed that not all of the five selected countries use degree days
to define climate rigor, shown in Table 11, this is the case for Argentina and Mexico, which use the
maximum design temperature and the average maximum temperature, respectively.

Table 11. List of climatic variables used in the rating systems studied.

Country System Condition Main Climatic Variable Secondary Climatic Variable

ARG
IRAM 11659 Summer Max design temperature Solar radiation
IRAM 11604 Winter degree days −

BRA PBE Edifica
Summer degree hour −
Winter degree hour −

CHI
− Summer − −

CEV Winter degree days Altitude

MEX NOM-020 Summer Ave max temperature Solar radiation

SPA CEE
Summer degree days Solar radiation
Winter degree days Solar radiation

ARG = Argentina, BRA = Brazil, CHI = Chile, MEX =Mexico, SPA = Spain.

In Mexico, furthermore, there is no standard for winter conditions, and in Chile there is no
regulation on summer conditions. It is observed by analyzing the cooling energy consumption from
the Chilean locations, shown in Table 7, that the climate in these cities has been demonstrated to be
slightly rigorous during summer, so there is no need for a summer condition standard. However,
heating energy consumption in Mexico was shown to be significant so it would be convenient to
include any kind of regulation for winter conditions.

3.2. Equations for Energy Consumption Estimation

Once the statistical models were improved, the equations for the energy consumption estimation
of multi-family residential buildings in temperate climates were defined (Equations (1) and (2)):

HEC = (0.123 ∗CDD) − (0.221∗L) − (0.207∗CDDs) − 13.616 (1)

where HEC is the heating energy consumption, CDD is the cooling degree days (base 18 ◦C), L is
latitude (m) and CDD_s is the average cooling degree days for the three warmest months (base 18 ◦C).

CEC = 394.912 + (0.164 ∗HDD) − (871.390∗RADaw) − (12.793∗Tamin) +
(
3.233∗Wspaw

)
(2)

where CEC is the cooling energy consumption, HDD is the heating degree days (base 18 ◦C), RAD_aw
is the average global radiation for the three coldest months (W/m2), T_amin is the average minimum
temperature (◦C) and W_spaw is the average wind speed for the three coldest months (km/h).
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Once the equations are defined, the correlation between the results given by the equations and
those obtained by the simulation, shown in Table 7, were compared in order to visualization of their
adjustment, shown in Figure 13.

Figure 13. Comparison between energy simulation and statistical model results (kWh/m2.year).

It can be observed that the R2 values are 0.92 for cooling and 0.94 for heating, indicating very high
reliability in the estimation of energy consumption by the equations.

3.3. Contrasting Predictions from Equations and Established Methods

In order to identify the main similarities and differences between the equations and the existing
methods to validate and optimize the model, a comparison between the equations and the Brazilian,
Chilean and Spanish existing methods was carried out. The Argentinian and the Mexican method
were excluded, as their procedures do not assess thermal loads.

Energy consumption results from equations were compared to the values obtained from the
simplified calculation template provided by the PBE Edifica from Brazil and by the CEV from
Chile. In the Spanish case, there are some tools, simplified and general methods. For this analysis,
the simplified tool CE3X was used.

In the Spanish and Chilean cases, the methods enabled the energy demand to be obtained,
so Equation (3) was applied in order to find the energy consumption. The seasonal average performance
of the systems has been defined as 1.02 for summer and 1.45 for winter, according to the Institute for
the Diversification and Saving of Energy (IDAE), from the Government of Spain [48]:

C = D/η (3)

where C is the final energy consumption (kWh/m2 year), D is the energy demand (kWh/m2 year) and η

is the seasonal average performance (%)
It was observed that the estimated heating energy consumption by the equation has a difference

of 11.2% from CEV results, 21% from CE3x and 210% from PBE Edifica. The estimated cooling energy
consumption by the equation has a difference of 43% and 596% from CE3X and PBE Edifica, respectively,
shown in Table 12.
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Table 12. Comparison between equation results and national calculation tools: PBE for Brazil, CEV for
Chile and CE3x for Spain (kWh/m2 year).

Country Location
Heating Consumption Cooling Consumption

Equation Nat. Tool Δ (%) Equation Nat. Tool Δ (%)

Argentina

Blumenau 12.0 9.1 31.9 68.6 8.3 726.4
Chapecó 43.6 9.1 379.4 37.9 8.3 357.1
Criciúma 22.7 9.1 149.1 63.2 8.3 661.7
Curitiba 77.1 21.5 258.8 2.2 2.6 −17.0

Florianópolis 6.3 9.1 −30.0 62.4 8.3 651.0
Ponta Grossa 38.5 10.5 266.9 24.4 4.3 467.4
Porto Alegre 18.39 9.1 102.0 59.08 8.3 611.8
Santa Maria 59.53 10.5 466.9 59.26 4.3 1278.2

Chile

Antofagasta 15 43.0 −34.8 − − −
Concepción 227.8 232.0 1.8 − − −

Copiapó 49.3 56.0 12.0 − − −
Santiago 203.5 209.0 2.6 − − −
Temuco 262.8 289.0 9.0 − − −

Valparaíso 155.6 147.5 5.9 − − −

Spain

Alicante 124.3 167.5 −25.8 47.1 55.1 −14.5
Barcelona 178.3 258.75 −31.1 36.5 26.0 40.4
Córdoba 172.0 167.5 2.7 71.5 46.2 54.8
Granada 211.5 255 −17.1 43.9 66 −33.5
Málaga 114.8 123.75 −7.2 52.3 66 −20.8
Murcia 152.9 167.5 −8.7 51.1 66 −22.6
Palma 98.3 152 −35.3 57.8 33.1 75.2
Seville 99.4 167.5 −40.7 102.6 46.2 122.1

Valencia 113.6 168.75 −32.7 61 66 −7.2

The results indicate that the proposed method is closer to heating energy consumption calculated
by the Chilean and Spanish tools and is farther from the cooling energy consumption calculated by
the Spanish and Brazilian tools. When comparing the estimated energy consumption results from the
equations (Table 7) with the degree days required for the 42 locations (Table 5), it is observed that
although there is a very high correlation, for the Brazilian and Spanish cases, the energy consumption
calculated by their national tools presents low or very low correlation with degree days, indicating
that the proposed method is more consistent with the variation of the local climate rigor (Figure 14).

Figure 14. Consumptions estimated by the model and systems of Brazil, Chile and Spain in relation to
the degree days of the 42 localities analyzed.
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4. Discussion

It is observed that in the Brazilian and Spanish systems, climatic conditions are introduced by
means of a selection of the climatic zone (statistically) providing the same energy consumption for
different locations within the same climatic zone (i.e., Blumenau, Chapecó, Criciúma, Florianópolis and
Porto Alegre in Brazil); the input data in the proposed method are specific climatic data of the location,
so it provides further approximation to real conditions. In this regard, the minimum difference to the
calculated energy consumption by the Chilean system demonstrates a very high correlation between
energy consumption and degree days for each selected Chilean city.

The geometry, building fabric, HVAC systems and user profile characteristics required by the
energy rating schemes of the studied countries are similar to the input data of the energy model.
However, in the national tools these are input data, while in the proposed method this information is
implicit to the equations, so is not possible to modify the building characteristics.

It has to also be highlighted that while this method was built from a user profile developed
from a real profile, in the Spanish tool the occupancy and usage profile is predefined for residential
buildings with an occupancy thermal load much higher than that of the real profile obtained by surveys.
The difference between these profiles is, without doubt, one of the main sources of difference between
energy consumption results from the proposed method and the national tools.

The developed methodology is very close to the methods used by Petersdorff, Boermans and
Harnisch [14], and Nath and Lamberts [17]. In both cases, an energy model was simulated under
different climatic conditions in order to obtain energy consumption data for a statistical analysis.
However, the proposed model works with 42 locations when the revised studies worked with three
and 18 locations, respectively.

Furthermore, the thermal envelope characteristics in the proposed model is centered in the
modification of insulation thickness but Petersdorff, Boermans and Harnisch [14] also vary building
typologies, and Nath and Lamberts [17] modified 15 building characteristics without modifying
insulation levels. HVAC characteristics are of higher relevance in the model of Nath and Lamberts [17],
as it is centered on office buildings.

5. Conclusions

This research describes the methodology developed to create a simplified method to estimate the
energy consumption of multi-family housing buildings located in temperate climates, whose input
data are just a few climatic variables.

The estimated energy consumptions from the equations present very high values of the
determination coefficient (R2 = 0.92 and R2 = 0.94), demonstrating the viability of the application of
this method as a tool in quantifying energy consumption.

The proposed method is mainly manual, being easier to use than energy simulation software.
It can be implemented in other tools as a spread sheet, in order for even easier use. It can be used by
professionals during the building design or reconstruction stages helping to make decisions as it predicts
the energy consumption for both heating and cooling, by research centered on the energy performance
of buildings, allowing an assessment and qualification of the buildings, and by governmental actors to
transfer information to populations in a simple manner, generating awareness about energy efficiency
in buildings.

In contrast to other schemes that included climatic conditions based on climatic zones, the proposed
method requires some specific local climatic variables as input data, so the energy consumption results
are more consistent with the local climatic variations. There is a certain difference in the results
from those calculated by national schemes based on climatic zones as they output the same energy
consumption for different locations within the same climatic zone. In contrast, results from the
proposed method and the Chilean one, as they vary with degree days, are very close.

The multiple linear regression analysis demonstrates that, in general, degree days is the most
influential variable on energy consumption in residential buildings. In summer conditions, latitude and
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average degree days for the three warmest months are also influential. In winter conditions, the average
global solar radiation for the three coldest months, average minimum temperature and average wind
speed for the coldest months have to be taken into account.
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Abstract: Natural ventilation through window openings is an inexpensive and effective solution to
bring fresh air into internal spaces and improve indoor environmental conditions. This study attempts
to address the “indoor air quality–thermal comfort” dilemma of naturally ventilated office buildings in
the Mediterranean climate through the effective use of early window design. An experimental method
of computational modelling and simulation was applied. The assessments of indoor carbon dioxide
(CO2) concentration and adaptive thermal comfort were performed using the British/European
standard BS EN 15251:2007. The results indicate that when windows were opened, the first-floor
zones were subjected to the highest CO2 levels, especially the north-facing window in the winter
and the south-facing window in the summer. For a fully glazed wall, a 10% window opening could
provide all the office hours inside category I of CO2 concentration. Such an achievement requires full
and quarter window openings in the cases of 10% and 25% window-to-floor ratios (WFR), respectively.
The findings of the European adaptive comfort showed that less than 50% of office hours appeared in
category III with cross-ventilation. The concluding remarks and recommendations are presented.

Keywords: window design; natural ventilation; indoor air quality; carbon dioxide (CO2)
concentration; thermal comfort; adaptive comfort model; office building; the Mediterranean climate

1. Introduction

In urban areas, people spend most of their time (nearly 90%) indoors while performing different
daily activities, where the concentration of most indoor pollutants is about 20% higher than in the
outdoor environment [1]. Therefore, maintaining comfortable and healthy conditions for occupants is
one of the major building tasks. Indoor air quality (IAQ) has a significant impact on human health and
comfort. Modern lifestyle requires paying more attention to the provision of better thermal comfort
and healthier indoor conditions for occupants, while advancements in technology and mechanical
systems have created the means of achieving this goal. However, sustainability standards and green
building guidelines require less dependence on active strategies to minimise energy consumption, and
consequently, reduce buildings’ carbon footprints.

Carbon dioxide (CO2) is one of the most common gases found in our atmosphere. It can be
used as a good indicator of human bio-effluent concentration. An indoor CO2 measurement provides
a dynamic measure of the balance between carbon dioxide generation in the space, representing
occupancy, and the amount of low CO2 concentration in the outside air introduced for ventilation.
Air movement has a significant influence on perceived indoor air quality [2]. Researchers claim that
the air tightening within an occupied zone of air-conditioned spaces will result in complaints of
unsatisfactory indoor air. Field studies suggest that the elevated airspeed within an occupied zone can
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possibly achieve thermal comfort even at higher temperatures and improve the perceived indoor air
quality [3].

In recent studies, the utilization of natural ventilation, as a prevalent and effective passive strategy,
to remove indoor pollutants and maintain indoor air quality along with indoor thermal comfort of
various building programs is being challenged. The findings of previous studies recommend conflicting
objectives and emphasise the need to pursue a more integrative approach to indoor environmental
quality by tackling more than one criteria simultaneously [2].

Windows are the main and most popular means in which natural ventilation can be allowed into
a building’s indoor spaces. Natural ventilation through windows can be based on pressure difference
(also called wind-driven natural ventilation) or thermal difference (in single-sided ventilation or when
placing windows or openings at different heights in cross-ventilation) between inside and outside
or between the openings [4]. Occupant-controlled windows are considered an effective method for
maintaining indoor air quality and thermal comfort conditions. Window-based natural ventilation can
replace mechanical ventilation and air condition systems (in free-running buildings or periodically) [5],
thus reducing a significant amount of energy consumption and CO2 emissions [6]. Accordingly,
window design has a strong relationship with natural ventilation performance in different types of
buildings. Window design is an early decision task of architects that requires sufficient knowledge
supported by experiments and quantitative data.

Studies confirm that window-based natural ventilation is an inexpensive and practical method
to bring fresh air into internal spaces and enhance indoor air quality and thermal comfort [6–9]. Yet,
opening windows in the warm months may result in indoor overheating; consequently, an “indoor
air quality-thermal comfort” dilemma exists [10–12]. Previous studies have mainly studied natural
ventilation performance only in terms of indoor air quality or thermal comfort. This study attempts
to address the “indoor air quality-thermal comfort” dilemma of naturally ventilated office buildings
in the Mediterranean climate through the effective use of early window design. It examines the
potential performance of single-sided and cross-ventilation by investigating different window design
scenarios, including window size, orientation, location (different floor levels), and possible opening
behaviour (by occupants). Architects unconsciously limit the amount of airflow coming into a building
from openings when they choose a particular window size, orientation, and type in the early design
stage. Nowadays, for instance, modern office buildings with large glazed walls have limited windows
for natural ventilation, or a particular type of windows has a limited opening area, which might
reduce ventilation and cooling capabilities of ambient air, especially in naturally ventilated buildings.
An adequately designed window can lead to maximising the free-running period—no mechanical
systems are used for ventilation and air-conditioning—and thus saving a considerable amount of
energy. Therefore, architects need to understand the traces of window design decisions in terms of
natural ventilation performance. Accordingly, the outcomes of this research can help architects to make
informed choices when they decide on the different parameters related to window design considering
both indoor air and thermal conditions, simultaneously, in the early design stage.

2. The Effect of Building Envelope Design on Indoor Environmental Performance

A building envelope separates the indoor spaces from the outdoor environment. It is an external
layer of the building that protects the internal environment from harsh environmental conditions and
facilitates climate control. Therefore, the climatic design of a building envelope has an impact on its
indoor air quality, thermal and visual performance, and energy consumption. In the Mediterranean
climate, it is important to limit the amount of heat gain through the design of the building envelope and
utilise effective natural ventilation strategies to cool down the internal spaces in the summer months.

Turkish researchers [13] examined the impact of passive solar building components on the energy
performance of residential units in Turkey’s different climates. The results revealed that the building
aspect ratio has less influence on the total energy demand compared to the window size and insulation
materials. Moreover, compact forms and large-size windows are the most preferable combination
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in the cool climates, while the situation is the total reverse in the warm climates. Based on the
concept of passive and non-passive spaces developed by Baker and Steemers [14] and adopted by
Steadman et al. [15] for the energy classification of built forms, Ratti et al. define a ‘passive zone’ as
one that can successfully be treated using passive strategies [16]. According to empirical observations,
a ‘passive zone’ is considered twice the ceiling height. A similar study [17] proved that minimising the
building’s shape coefficient reduces heat loss in winter; however, it negatively affects the ‘passive zone’
by reducing the availability of natural ventilation and daylight. Thus, an envelope less exposed to the
outside environment increases the energy demand for artificial lighting and ventilation. While the
‘passive zone’ has been considered a better indicator for energy consumption [15], it can consume even
more energy compared to the non-passive zone if the glazing is not designed to prevent overheating in
the summer and heat loss in the winter.

Moreover, researchers [18] studied various building forms and plan layout designs to access
passive strategies in relation to thermal comfort and natural ventilation in a university building.
They found that plans longer than 15 m could lower the effect of natural ventilation to provide thermal
comfort. Other studies examined the potential of different building forms to reduce solar radiation [19],
thermal performance, and energy use [20]. Studies confirmed that room height has a considerable
influence on energy demand, such that the energy consumption increases by 1% for each 10 cm increase
in ceiling height [21]. Although a reduction in ceiling height offers less exposed surface areas, it can
result in higher indoor temperatures and consequently, less thermally comfortable indoor spaces,
especially in the warm and hot climates [22]. The building orientation also has a considerable effect on
energy consumption and thermal comfort as it is implicated in the levels of solar radiation, daylighting,
and air movement [23]. Regardless of building form, buildings arranged longitudinally along the
south and north require 10% less energy than those aligned longitudinally along the east and west in a
hot and humid climate [20]. A study [24] assessed both IAQ and thermal comfort, as one package,
in recently built energy-efficient houses. The findings indicate that in these airtight houses, mechanical
ventilation has to be working constantly to maintain indoor environmental conditions. Another study
combined objective environmental variables and subjective comfort evaluation to assess indoor air
quality and thermal comfort based on Weber/Fechner’s law and Predicted Mean Vote (PMV) [25].

Previous studies focused less on examining the relationships between window design and natural
ventilation, as well as the effect of different window design parameters on the indoor CO2 concentration
and thermal comfort performance. A larger part of existing research concentrates either on the reduction
of energy demand [6,13,26,27] or improving thermal comfort levels by exploring a particular building
component [28,29].

Window Design in Relation to CO2 and Thermal Comfort in Naturally Ventilated Buildings

Windows are designed at the early architectural design phase where designers decide on most of
the envelope-related elements. These decisions have a significant influence on building performance
in terms of indoor air quality, thermal comfort, visual comfort, daylighting, and eventual energy
consumption [6,20,30,31]. Different climatic conditions require specific envelope design considerations
to achieve an environmentally responsive envelope design. In the Mediterranean climate, there is
a need to limit the amount of solar heat gain in the summer and heat loss in the winter, especially
through window openings. Besides, window-based natural ventilation can be exploited efficiently to
cool down internal spaces in the warm months.

Natural ventilation in buildings mainly occurs through intended envelope openings (e.g., windows
or doors) and infiltration (leakage of the building surfaces) as a result of differences in pressure between
the inside and outside [32]. In unconditioned spaces, therefore, natural ventilation is the only method
to dilute indoor air contaminants, particularly the carbon dioxide exhaled by occupants. There are
several strategies for natural ventilation, such as single-flow ventilation, cross-flow ventilation, internal
ventilation, and the thermal chimney effect. This study examines single-side and cross-flow ventilation
strategies with different window design strategies. Numerous studies have assessed various window
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parameters in relation to particular building performance objectives or multiple performance criteria.
Most countries follow certain building code and design guidelines to specify the window-to-wall ratio
(WWR) or window-to-floor area ratio (WFR). The impact of WWR on different building performance
goals has been studied more frequently [33–38].

Alibaba [39] studied the heat and airflow behaviour of naturally ventilated offices in a
Mediterranean climate (i.e., Famagusta, North Cyprus). One aspect of the study was examining the
effect of different window-to-wall ratios and window openings on the air change rates (ach) per hour.
The maximum ach was achieved when the building had a 100% WWR with fully open windows,
whereas the minimum ach was recorded in the case of 10% WWR with a 20% window opening.
Mora-Pérez et al. [6] studied natural ventilation design decisions concerning energy efficiency and CO2

emission of a residential building in the Mediterranean region. The authors claimed that the building’s
natural ventilation behaviour was improved by 9.7% with a new opening alternative.

Research into the indoor air quality of naturally ventilated high-occupancy research student offices
at Beijing University, China [40] investigated the carbon dioxide concentration and indoor climate
(i.e., dry-bulb air temperature and relative humidity) during the heating period. The quantitative
measurements show that the indoor CO2 level exceeded the threshold of 1000 ppm throughout most
of the occupied time each day. The average exposure to CO2 concentration over the threshold was
3.68 h per occupant per day. Therefore, these offices do not meet the IAQ requirements and users tend
to suffer health consequences. Laska and Dudkiewicz [41] studied CO2 concentration in a naturally
ventilated lecture room at the Wroclaw University of Science and Technology, Poland. The city is
characterised by a mild and moderately warm climate. The collected data from field measurements
validated a model previously derived for school classrooms [42]. The authors argue that this model is
also applicable for calculating the CO2 concentration in auditorium lecture rooms where the occupants
are the main source of pollution. The measured values of CO2 concentration were compared to the
acceptable level of carbon dioxide defined in the European Standard 13779:2008 and a questionnaire
survey based on personal discomfort. The results of this experimental study indicate that during a
90-min lecture, the concentration was within the permissible levels and the occupants were satisfied.
However, when the room was fully occupied, the indoor environment failed to provide suitable health
conditions. These conclusions indicate that naturally ventilated indoor spaces need to be regularly
aired to maintain the comfort conditions and productivity of users.

In the literature survey, researchers mainly depend on CO2 concentration (ppm) as a proper
indicator to assess natural ventilation performance [12,30,40–43] in reference to the 1000 ppm threshold
defined by the World Health Organisation (WHO) [44]. In other words, CO2 levels higher than 1000 ppm
denote insufficient ventilation. Exceeding this threshold can cause sick building syndrome (SBS)
problems for residents, such as headaches and respiratory problems [7,45–48]. Nevertheless, in naturally
ventilated buildings, where occupants have full access to openable windows, minimal indoor CO2

levels might be preferable. Considering that CO2 concentration in the air is about 350–450 ppm,
appropriately designed windows and opening portions can reduce the internal CO2 level.

Researchers in Spain [49] investigated the potential of adaptive thermal comfort for existing
dwellings in the Mediterranean climate. The authors declared that both EN 15251:2007 and American
Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 55-2017 are applicable to
the considered conditions and both standards presented comparable results, noting that EN 15251:2007
standard can predict worse conditions than the American model. Other researchers [50] confirm that
regional adaptive comfort indicators showed more reliable results than the ASHRAE adaptive model
for school buildings in the Mediterranean climate. A similar study in the same country [51] applied
adaptive thermal comfort in Mediterranean office buildings. They found that natural ventilation
through window openings (manual or mechanical) provided up to 30% more occupancy hours that are
comfortable based on the EN 15251:2007 standard, and with window-material improvements, that
percentage could be raised to more than 50%.
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Salvalai et al. [52] studied the thermal comfort and energy performance of several low-energy
cooling concepts for office buildings in six different European climate zones. A series of dynamic
simulations were performed based on the PMV (ISO 7730:2005) and adaptive (EN 15251:2007) thermal
comfort models. The findings indicate that natural ventilation has a greater potential for the Northern
and Central parts of Europe compared to Southern Europe due to the presence of higher ambient air
temperatures in the later climate. Even in European climates, solely implementing passive cooling
methods has its limitations in terms of achieving thermal comfort. From an architectural perspective, an
adequate knowledge on window design and natural ventilation relationship, considering a particular
local condition, can guide architects toward selecting an optimum window design that maximises
natural ventilation and passive cooling performance [52,53]. Croitoru et al. [54] investigated the
thermal comfort of a low energy office building in the temperate climate of Romania. The study
compared real-life experimental results with the subjective responses from a questionnaire on the
thermal sensation votes. The thermal comfort results placed the free-running building in Category I
and Category II of European adaptive comfort (EN 15251:2007).

3. Materials and Methods

An experimental method of computational modelling and simulation techniques was used to
collect and analyse numerical data. This study phase encompasses the selection of building performance
simulation (BPS) tool, describing features of the hypothetical building case, and identifying performance
criteria and assessment methods. Figure 1 illustrates the research methodology flowchart.

Figure 1. The methodology flowchart.

3.1. Building Performance Simulations (BPS)

Developed by Environmental Design Solutions Limited (EDSL), TAS Engineering software
version 9.4.4 [55] is used to conduct the computational thermal simulations and fulfil the aim of the
study. TAS Engineering software is a complete solution for the dynamic simulation and thermal
analysis of buildings. TAS software is “an industry-leading building modelling and simulation tool
capable of performing hourly dynamic thermal simulation for the world’s largest and most complex
buildings” [55]. As a complete solution for the thermal simulation of new and existing buildings,
the software scope facilitates a methodical workflow. The ‘3D Modeller’ can create building models
for simulation and performing daylight analyses. The ‘Building Simulator’ allows for the addition
of apertures, internal gains, constructions, and the performance of dynamic simulations. Finally,
the ‘Result Viewer’ is for storing, viewing and exporting hourly results in both 2D and 3D.

3.2. Climate Analysis of Famagusta

This study phase of the methodology identifies the contextual climate conditions through
comprehensive weather classification and analysis. Although several methods have been introduced
by scholars, the Köppen-Geiger Climate Classification [56,57] is considered one of the most reliable
and widely used systems for classifying climates. This system divides climates into five main climate
groups, with each group further divided based on the monthly and annual averages of precipitation
and temperature patterns. According to the Köppen-Geiger Climate Classification system, the five
main climate groups are A (tropical), B (arid), C (warm temperate), D (continental), and E (polar).

Based on the Köppen-Geiger Climate Classification, Famagusta’s climate (latitude 35.0◦ N and
longitude 33.0◦ E) is the Csa (Mediterranean climate), which is characterised by dry and hot summers
and rainy, rather changeable, winters. The warm period starts in May and lasts until the end of
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September. While the cool period is between November and March, April and October are rather
moderate months.

The driving forces in natural ventilation are temperature and wind; therefore, the significant
factors are the outdoor and indoor conditions that should be considered when studying natural
ventilation. On average, July is the warmest month in the year, while the hottest temperature occurs
in July and August with a mean daily outdoor temperature of 28 ◦C. January is the coldest month
in the year, for which the average daily outdoor temperature is about 11 ◦C. The average annual
day temperature is 25 ◦C and the average annual night temperature is 13 ◦C. Temperatures vary
significantly between day and night, which ranges between, approximately, 10 ◦C in the winter to 12 ◦C
in the summer. Furthermore, December and June represent the most and least humid months of the
year with approximately 73% and 64% humidity ratios, respectively. The average annual percentage of
relative humidity is about 69%. The city’s dominating winds are from the west, north in winter and
west, south in summer. These wind directions may improve the effectiveness of natural ventilation
when the windows are aligned with these orientations. For reference, the windiest and calmest days
are recorded in February and September with the daily average wind speed of 5.2 m/s and 3.3 m/s,
respectively. Tables 1 and 2 outline the climatic conditions of the study location. Figure 2 shows the
wind rose of Famagusta.

Table 1. Monthly average temperatures and relative humidity based on Famagusta weather data.

Month
Average

Temp (◦C)
Mean Max
Temp (◦C)

Mean Min
Temp (◦C)

Temperature
Difference (◦C)

Relative
Humidity (%)

January 10.9 16.4 6.9 9.7 72.8
February 12.8 16.4 6.5 10.3 71.7

March 14.0 18.4 7.8 10.8 72.8
April 16.2 22.2 10.5 11.8 70.7
May 21.4 26.5 14.2 12.2 67.3
June 26.0 30.6 18.4 13.2 64.3
July 28.4 33.1 21.1 12.1 65.0

August 28.4 33.3 21.4 12.1 67.3
September 25.7 31.1 16.4 13.1 66.6

October 22.8 27.2 15.3 11.8 67.5
November 17.9 22.0 11.0 10.8 70.0
December 13.7 17.6 7.5 9.5 73.2

Table 2. Monthly average wind speed and predominant wind directions based on Famagusta
weather data.

Month
Average Wind

Speed (m/s)
Percentages of Predominant Wind Directions (%)

North East South West

January 5.0 35 25 10 30
February 5.1 30 20 13 37

March 4.6 30 13 12 45
April 4.0 22 13 15 50
May 3.5 18 7 15 60
June 3.4 10 5 20 65
July 3.5 10 3 27 60

August 3.4 10 3 25 62
September 3.3 15 5 15 65

October 3.6 35 10 10 45
November 4.3 45 20 10 25
December 4.8 38 20 12 30

Note: The colour scheme indicates first (darker) and second (lighter) predominant wind directions.
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Figure 2. The wind rose of Famagusta based on its weather file data [55].

3.3. Building Case and Window Design Features

This study targets the early envelope, particularly window, design of office buildings in the
Mediterranean climate. To replicate common building designs in the study location and to test different
window orientations and floor locations, a hypothetical building was designed as a three-storey office
building with four thermal zones on each floor, as presented in Figure 3. Each zone had an area of
50.0 m2 with a 1:1 length-to-width ratio, also called the space aspect ratio (7.1 m × 7.1 m). The height
of the ceiling was fixed at 3.0 m as the normal ceiling height recommended by the local building
design regulation of the study location [58]. The minimum window-to-floor ratio accepted by the
North Cyprus Chamber of Architects is 10% WFR [58]. The other scenarios included 25% and 50%
(full glass in this building case). The natural ventilation patterns were single-side ventilation in the
cases of 10% and 25% WFR, as well as cross ventilation in the case of 50% WFR. The authors tested
various aperture opening scenarios ranging from closed to fully opened windows for the different
orientations. It is important to mention that neither external solar shadings nor internal blinds were
used to reflect common office design practice or the worst status of windows in response to excessive
solar impact. Table 3 presents the considered building and window design parameters as well as
different simulation scenarios. Tables 4 and 5 show the transparent and opaque construction materials
and their specifications that are commonly utilised for building construction in North Cyprus.

Table 3. Building geometric parameters and various simulation scenarios.

Building Geometric Parameters Unit Simulation Scenarios

Space aspect ratio (L/W) – 1:1
Space clear height (m) 3.0

Floor location – Ground, first, and second floor
Window-to-floor ratio (WFR) (%) 10, 25, 50 (fully glazed wall)

Window orientation – North, east, west, and south
Window opening ratio (%) 0 (closed), 10, 25, 50, 75, 100 (fully open)
Window shading ratio (%) N/A

Natural ventilation strategy – Single-side for 10% & 25% WFR
Cross-flow for 10% & 50% WFR
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Figure 3. The office building (a) typical floor plan and (b) three-dimensional (3D) view in the case of a
10% window-to-floor (WFR) ratio with assigned north- and south-facing windows.

Table 4. Glazing material properties generated by TAS software [55].

Glass
Type

Materials
(Internal to

External)
G Value

Light
Transmittance

Emissivity
Int./ext.

Conduct.
(W/m2·◦C)

U Value
(W/m2·◦C)

R Value
(m2·◦C/W)

Double
glass

4 mm clear glass,
10 mm air gap, 4
mm clear glass

0.748 0.815 0.845 5.958 2.96 0.338

Table 5. Opaque construction materials and specifications generated by TAS software [55].

Construction
Materials (Internal to

External)
Solar

Absorptance
Emissivity

Int./ext.
Conduct.

(W/m2·◦C)
U Value

(W/m2·◦C)
R Value

(m2·◦C/W)

External wall

Cement plaster 25
mm, clay hollow
bricks 250 mm,

cement plaster 25 mm

0.400 0.900 0.416 0.388 2.576

Internal wall

Cement plaster 25
mm, clay hollow
bricks 100 mm,

cement plaster 25 mm

0.400 0.900 0.745 0.661 1.512

Internal
floor/ceiling

Concrete internal
floor/ceiling 150 mm 0.650 0.900 7.533 3.303 0.303

Ground floor

Tiles 25 mm, mortar
50 mm, concrete 125

mm, aggregate 75
mm, soil 1000 mm

0.760 0.910 0.296 0.282 3.543

Roof Cement plaster 25
mm, concrete 200 mm 0.650 0.900 2.027 1.507 0.663

3.4. Parameters of Thermal Simulations and Internal Conditions

The internal conditions were set as natural ventilation without any plant. Therefore, there were
no active systems running for heating, cooling, or mechanical ventilation. The internal heat gain
sources and coefficients are specified based on the TAS system parameters [55], as shown in Table 6.
The Chartered Institution of Building Services Engineers (CIBSE) Guide A: Environmental Design [59]
benchmark allowances were used to identify the values of internal heat gains, as summarised in Table 7.
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The metabolic rate was predicted to be 1.2 met of 1.8 m2 Du Bois area of an average adult doing
sedentary office work, which indicates a heat release of 126 W/person [60].

To calculate the pollutant (i.e., CO2) generation rate, ASHRAE fundamentals [61] and ASHRAE
62.1 standard [62] suggest that the CO2 generation rate, for an average-sized adult performing sedentary
office activities (1.2 met) is 0.0052 L/s (0.312 L/min). Referring to the range of 6 m2 (open office) to 10 m2

(single office) floor area per person required by office design guidelines and recommended area per
person [57,61–63], each zone was designed to accommodate 6 people. Thus, the total CO2 generation
for a single zone will be 2.24 L/h/m2. An amount of 7.5 L/s (15 cfm) per person of outdoor air can,
therefore, dilute the polluted air. Natural ventilation through openable windows is the main conduit
for the flow of air in and out. According to ‘Tas Theory Manual’ [64], the wind pressure coefficients are
defined in a way that the wind pressure on an aperture is:

pw =
cwρv(hb)

2

2
. (1)

where cw is the wind pressure coefficient, ρ is the air density, and v(hb) is the wind speed at the building
height (hb).

All the parameters affecting wind pressure coefficient were based on the metrological weather
data of Famagusta, as well as the terrain roughness was set to urban and cities category with
terrain-dependent coefficients of exponent (α = 0.33) and boundary layer thickness (δ = 460). Finally,
the occupancy schedule was set to weekdays (Monday to Friday) and office working hours only (09:00
to 17:00) for both internal conditions and aperture openings. Therefore, the total working days is 261
days and the total simulated hours is 2088 h. Generated by the North Cyprus metrological office
and Famagusta weather station, the weather file data—in the format of TAS weather data (.twd)—of
Famagusta was entered, which contains all the geographical data and variables for each hour of a year.

Table 6. The sources of internal heat gains and coefficient limitations based on TAS system parameters [55].

Internal Heat Gain Sources Radiation Proportion Coefficient

Lighting 0.3 0.490
Occupant 0.2 0.227

Equipment 0.1 0.372

Table 7. Inputs for internal gains based on the Chartered Institution of Building Services Engineers
(CIBSE) Guide A benchmark allowances [55] and American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) fundamentals [57].

Internal Gain/System Inputs Unit Value

Outside air L/s/p 8.0
Metabolic rate W/p 126.0

Infiltration ach 0.3
Ventilation * ach 0.0

Lighting gain W/m2 12.0
Occupancy sensible gain W/m2 8.0

Occupancy latent gain W/m2 5.0
Equipment sensible gain W/m2 18.0

Equipment latent gain W/m2 0.0
CO2 pollutant generation L/h/m2 2.24

* Natural ventilation through windows (no mechanical ventilation).
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3.5. Performance Criteria and Assessment Methods

Window design and natural ventilation are associated with many aspects of building indoor
environmental quality (IEQ). The scope of this study involves an evaluation of the relationship
between window design and natural ventilation in terms of CO2 and thermal comfort performance.
The following sections describe the assessment methods of these performance criteria.

3.5.1. Assessment of Carbon Dioxide (CO2) Performance

High carbon dioxide concentration indoors can be an indicator of poor air circulation or
under-ventilation. An indoor concentration greater than 1000 ppm of CO2 is indicative of a potential
indoor air quality problem [44]. CO2 concentration below 1000 ppm usually indicates that the ventilation
is adequate to deal with the normal products associated with human occupancy. In addition, the British
and European standard BS EN 15251:2007 [65] categorises CO2 levels above the outdoor concentration
into four categories, as demonstrated in Table 8.

Due to the existence of a close relationship between CO2 production and body odour, CO2

level increases or decreases in relation to human metabolic activity. Since CO2 is a good indicator
of human metabolic activity, it could also be used as a tracer for other human-emitted bio-effluents.
Moreover, CO2 can be used to measure or control any per-person ventilation rate, regardless of the
perceived level of bio-effluents or body odour in a given space. In fact, the 1000 ppm guideline for CO2

recommended by the World Health Organisation [44] and used in ANSI/ASHRAE Standard 62.1 [62]
is the equilibrium level for 15.0 cfm/person (7.0 L/s), assuming a 400 ppm outside CO2 level. More
recently, ANSI/ASHRAE Standard 62.1 indicated that comfort (odour) criteria are likely to be satisfied
when the ventilation rate is set so that the 1000 ppm of CO2 threshold is not exceeded [62]. Accordingly,
the average duration (hour) of exposure to carbon dioxide concentration more than 1000 ppm per
person per day can be measured [40].

Table 8. Building categories according to CO2 levels above outdoor level based on British and European
standard BS EN 15251 [65] and BS EN 13779 [66] standards.

Category
CO2 Concentration (ppm) above Outdoor Air The Accepted Limit for Famagusta

(Outdoor CO2 of 400 ppm)Typical Range Default Value

I ≤400 350 750
II 400–600 500 900
III 600–1000 800 1200
IV >1000 1200 1600

3.5.2. Thermal Comfort Assessment Using an Adaptive Model

In the 1970s, an adaptive comfort theory challenged the steady-state comfort theory,
which suggested that comfort was time-dependent considering human thermal adaptation (i.e.,
behavioural, physiological, and psychological) to their environment over time. Thus, the building
occupants might accept conditions that would otherwise have been predicted to be unsatisfactory
for the PMV model [67], specifically in the hot conditions of naturally ventilated buildings [68].
The model hypothesis is that contextual factors influence building residents’ preferences and thermal
expectations [69,70]. The concept of the adaptive comfort model is that outdoor climate impacts
indoor comfort as occupants can adapt to different conditions throughout different times of the year.
The results of field studies revealed that users of naturally ventilated buildings typically accept a wider
range of temperatures than those in air-conditioned buildings as their preferred temperature depends
on outdoor conditions [2,71]. The model works efficiently in an environment where the monthly mean
temperature stays above 10 ◦C and below 33.5 ◦C, which corresponds to the weather conditions of
Famagusta, North Cyprus.
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Similar to the acceptability limits of 80% and 90% defined by the ASHRAE 55 standard [60],
the British and European standard of BS EN 15251:2007 [64] introduced a similar categorisation
using Equation (2) while accepting slightly higher degrees than the American standard. It was
proposed that an exponentially weighted outdoor running mean temperature could account for
this time-dependency. Therefore, the BS EN15251:2007 standard defines the exponentially weighted
running mean temperature Trm for any given day through Equation (3), which was originally developed
by Nicol and Humphreys [72].

Tcomf = 0.33 · Trm + 18.8, (2)

Trm = (1− α)Tod−1 + αTod−2 + a2Tod−3 + a3Tod−4 . . .), (3)

where Tcomf is the indoor comfortable operative temperature (◦C) and Trm is the exponentially weighted
running mean temperature (◦C), α is a constant between 0 and 1 and Tod−1 is yesterday’s daily mean
outdoor temperature, the day before (Tod−2), the day before that (Tod−3), and so on.

The temperatures become less significant as time progresses, with the speed of decay depending
on the value of the constant α. The lower the value of α, the less significant the weighting of past
temperatures. Moreover, the equation’s developers suggested α = 0.8 as an appropriate value according
to their SCAT database [72]. Table 9 explains that the standard defines three categories of comfort
ranges for different expectations. Moreover, occupants accept temperatures within the comfort ranges
as comfortable, and consider temperatures outside of the upper and lower limits too hot and too
cold, respectively.

Table 9. Thermal comfort categories and acceptable ranges based on the European adaptive model [65].

Categories
Acceptable Comfort Range (◦C)

Expectations
Upper Limit Lower Limit

I Tcomf = 0.33 · Trm + 18.8 + 2 Tcomf = 0.33 · Trm + 18.8− 2 High
II Tcomf = 0.33 · Trm + 18.8 + 3 Tcomf = 0.33 · Trm + 18.8− 3 Normal
III Tcomf = 0.33 · Trm + 18.8 + 4 Tcomf = 0.33 · Trm + 18.8− 4 Moderate

4. Simulation Results and Analysis

The main findings of this study can be divided into two parts. First, the results of the effect of
window design and natural ventilation on CO2 concentration are presented and analysed. Second,
the results of thermal comfort performance using an adaptive model are provided and analysed,
followed by the discussion of main findings and conclusions drawn from the experimental results in
the followed sections.

4.1. Effect of Window Design and Natural Ventilation on CO2 Concentration

The measurements of indoor carbon dioxide levels were initiated with a 10% window-to-floor
ratio as the minimum window area required by the building guidelines in North Cyprus. The window
opening ratios ranged from fully closed to fully opened windows, while the window orientations
were south-, east-, north-, and west-facing windows, divided into four thermal zones on each floor.
To explore the impact of single-side and cross-flow ventilation, various window sizes (i.e., 10%, 25%,
and 50% WFR), openings (i.e., 0%, 10%, 25%, 50%, 75%, and 100%), and different window orientations
are applied to all zones in the ground, first, and second floor. Initially, a fully closed (0% open)
window corresponds to a situation where neither openable windows nor mechanical ventilation is
provided. In the free-running period, however, this is not a practical scenario because window-based
natural ventilation might be the only means to modify indoor conditions in terms of air quality and
thermal comfort. In air-conditioned buildings, the case represents having no adequate mechanical or
mixed-mode ventilation. The CO2 amount of difference for adjacent zones having the same window
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orientation and design was less than 2 ppm; therefore, the results of the similarly performing zones
were excluded.

4.1.1. Results of Single-Sided Natural Ventilation

The indoor carbon dioxide level exceeded the ANSI/ASHRAE 62.1 and WHO recommended
threshold (1000 ppm), in all the cases of different window sizes and orientations, when the windows
are fully closed. Figure 4 illustrates the percentages of office hours where the CO2 level is below
the WHO threshold (1000 ppm) for first floor zones having a 10% WFR with single-side ventilation.
Table 10 summarises the number of annual occupancy hours appearing in each CO2 category based on
the BS EN 15251:2007 standard. When the 10% (or 25%) window-to-floor ratio is closed at all times,
none of the zones provides any office working hours that the CO2 concentration appears under the
category I (<750 ppm) and II (750–900 ppm). When the 10% WFR is opened by 10% during occupancy
hours (08:00–17:00), considerable improvement can be seen for all window orientations.

Table 10. The number of office occupancy hours appearing in the CO2 categories of BS EN 15251:2007
standard for first floor zones.

WFR (%)
Ventilation

Strategy
Opening
Ratio (%)

CO2

Categories
Window Orientations

S Win E Win N Win W Win

10%
25%
50%

Single-side
or

Cross-flow
Closed

I 0 0 0 0
II 0 0 0 0
III 261 261 261 261
IV 1827 1827 1827 1827

10% Single-side

10% open

I 515 444 269 314
II 1239 1498 1561 1698
III 282 134 234 7
IV 52 12 24 4

25% open
I 1891 2024 1980 2059
II 153 50 93 25
III 44 13 15 4

50% open
I 2044 2083 2070 2085
II 39 5 17 3
III 5 0 1 0

75% open
I 2085 2088 2087 2088
II 3 0 1 0
III 0 0 0 0

Fully open I 2088 2088 2088 2088

25% Single-side
10%open

I 2039 2081 2043 2080
II 37 7 40 8
III 12 0 5 0

25%open I 2088 2088 2088 2088

* Blue colour and orange colour indicate the most and least effective window orientations respectively.

 

Figure 4. Percentages of office occupancy hours that the CO2 level is below the WHO threshold
(1000 ppm) for first floor windows in the case of a 10% WFR with single-side ventilation.
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When single-side ventilation of a 10% WFR is opened by 10%, the east-facing windows provide
more hours within the category I (<750 ppm) for the ground- and second-floor zones, followed by
south-facing windows. Zone 1 (SE) had the most efficient natural ventilation performance that dilutes
the maximum amount of CO2 and provides 837 and 790 h (out of 2088 annual occupancy hours) of
category I through east- and south-facing windows, respectively. Conversely, most of the category II
(750–900 ppm) hours can be seen on the second-floor zones, which ranges between 1514–1770 h in zone
9 (south- and east-facing windows) and 1727–1785 h in zone 11 (north- and west-facing windows).
In addition, the zones with south- and east-oriented windows have not recorded any hours in either
category III or IV on the second floor. These results were also approximately noticed in the eastern and
western windows of the ground floor.

Overall, in the cases of single-sided natural ventilation, the west-facing windows provided the
maximum number of annual occupancy hours within category II when the 10% WFR is 10% opened,
followed by east-facing windows. Moreover, increasing the ratio of window openings (e.g., equal to
or greater than 25%) improves the natural ventilation performance of western and eastern windows,
while the south-oriented windows become the least effective window orientation. The performance
of different window orientations is convergent in the greater opening ratios, such as 75% window
opening and onward, with approximately providing all the annual occupancy hours inside category
I. The single-side natural ventilation performance of a 10% WFR having 50% of the area opened is
similar to a 25% WFR with a 10% window opening. Furthermore, if a 25% WFR is opened by 25%,
all the office working hours appear inside Category I.

Figures 5 and 6 demonstrate the level of CO2 concentration in warm and cool periods for different
window orientations and opening ratios in the case of single-side ventilation for 25% and 10% WFR,
respectively. The findings presented in Figures 4 and 5 explain that ground floor zones have a
maximum CO2 level when the windows are fully closed. While, first floor zones have the highest
CO2 concentration when the windows are opened by any opening ratios, particularly the south-facing
window in the summer (855 ppm) and north-facing window in the winter (845 ppm). The performance
of south- and east-facing windows are noticeably higher than north- and west-facing windows on
each floor. In the summer months, all the window orientations perform better than the winter period,
except south-facing windows, which show the opposite results. A window opening of 25% provided
category I for any window orientation, where the range was between 580–685 ppm in both the warm
and cool periods. The various window opening ratios for a 25% WFR show an identical pattern to the
10% WFR with the only difference being that a lesser CO2 concentration was achieved.
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Figure 5. The CO2 concentration (ppm) in cool and warm months in the case of single-side ventilation
with a 25% WFR and 10% opened windows.
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Figure 6. The CO2 concentration (ppm) in cool and warm months in the case of single-side ventilation
with a 10% WFR and (a) closed windows, (b) 10%, and (c) quarter opened windows.

4.1.2. Results of Cross-Flow Natural Ventilation

A cross-flow ventilation strategy was assigned to 10% and 50% (fully glazed wall) WFRs, for which
significant improvements can be noticed compared to single-side ventilation scenarios. Table 11
summarises the number of annual occupancy hours appearing in each CO2 category based on the BS
EN 15251:2007 standard in the case of cross-ventilation. For a 10% WFR, an opening of 10% can ensure
most of the office occupancy hours inside category I and II. This fracture of opening in the case of fully
glazed wall offers all the 2088 annual office hours within the category I. This objective can be achieved
with 25% window opening in the case of a 10% WFR. Overall, the second floor zones showed better
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results in its natural ventilation potentials. Taking the second floor as the ideal natural ventilation
performance, the most effective window orientations were a combination of the south- and east-facing
windows (Zone 9: 1901 h of category I), followed by north- and east-facing windows (Zone 12: 1710 h
of category I). However, the least performing window combination for the cross-ventilation method
was north- and west-oriented windows (Zone 11: 1487 h of category I).

Finally, Figures 7 and 8 display the CO2 level in warm and cool months for different zones in
the case of cross-flow ventilation for a 10% WFR and fully glazed external wall, respectively. In both
window sizes, a 10% window opening can place all the annual occupancy hours inside category I for
each zone. Overall, opening 10% of the windows can lower the CO2 level to under 720 ppm for a 10%
WFR and 470 ppm for a fully glazed wall in both winter and summer. In the cool and warm periods,
second floor zones record less CO2 concentration than first and ground floor. Noticeably, the zones
with a combination of south and east windows for cross ventilation are more effective than any other
window orientations in both the summer and winter months. However, the zones with cross-flow
ventilation from the north- and west-facing windows perform less well than other window orientations,
particularly in the warm period. Nevertheless, in the cool period, window combinations for cross
ventilation show similar results, except a combination of south and east window, which recorded lower
CO2 levels.
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Figure 7. The CO2 concentration (ppm) in cool and warm months in the case of cross-flow ventilation
with a 10% WFR and 10% opened windows.
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4.2. Results of Adaptive Thermal Comfort

4.2.1. Findings of Single-Sided Natural Ventilation Using an Adaptive Model

The results of single-side natural ventilation show that when the zones are assigned the minimum
window-to-floor ratio (10%), different performances can be noticed with respect to various window
orientations, opening ratios, and floor locations, as reported in Table 12. Firstly, in the case of fully
closed windows, the zones provide minimal hours that are comfortable based on the adaptive comfort
categories of the BS EN 15251:2007 standard, noting second-floor zones perform better compared
to the first floor and ground floor zones, respectively. When a 10% window area was opened,
the south-facing windows produce more thermally uncomfortable indoor environments than the other
window orientations, followed by eastern windows. Conversely, north- and west-facing windows
provide more hours of adaptive comfort, respectively.

Nevertheless, the results of the quarter, half, three-quarter, and full window openings display
contradictory window and natural ventilation performances compared to previous scenarios. When a
quarter of the 10% WFR was opened, south-facing windows on the second floor achieved the highest
number of thermal comfort hours inside Category I and II of the European adaptive comfort model,
specifically 611 and 858 h, respectively, out of 2088 annual office working hours. While the other
window orientations provided a convergent number of comfortable hours on this floor, which ranged
between 555 to 573 h in Category I and 783 to 807 in Category II, it is worth mentioning that the east
window represents the least efficient case. On the other hand, southern windows are less effective on
the ground and first floors when only a quarter of the window area is opened during office working
hours. West- and north-facing windows offer more hours that are comfortable than eastern windows.

In contrast to the 10% and 25% window openings, the southern and eastern windows can perform
better than west- and north-facing windows if half, three-quarter, or the full area of the windows is
kept open during office hours, regardless of whether it is located on the ground, first, or the second
floor. Moreover, through this particular opening ratio, ground floor windows are more efficient than
the first- and second-floor windows for all window orientations. Opening 50% of the southern window
in zone 1 (SE) provides 918 and 1045 h, zone 5 (SE) contributes to 825 and 987 h, and zone 9 (SE)
allocates 803 and 985 h in category I and category II of the adaptive model, respectively.

In the case of a 25% window-to-floor ratio, as presented in Table 13, north- and east-oriented
windows performed slightly better only when 10% of the window area was open, compared to the
same scenario of 10% WFR. Conversely, northern and western window orientations presented a less
effective performance in all window-opening ratios on each floor location. In contrast to the 10%
WFR case, increasing the opened portion for south- and east-facing windows offer more hours in
category I and II on each floor. The other window orientations reduce their efficiency with a larger
window opening area regardless of the floor location. Overall, the order of most and least efficient
window orientations is almost the same as to the 10% WFR. Figures 9 and 10 illustrate the effect of
window design on the thermal comfort performance of a naturally ventilated office building during
cool and warm periods. Both 10% and 25% window-to-floor ratios manifest comparable results with
the domination of too warm percentages in the summer months nearly in all window-opening ratios.
By looking at a 10% window opening in both the window sizes, one can notice that approximately all
window orientations are considered too warm during the summer months. Furthermore, in the cool
period, south-facing windows represent the worst scenarios when the windows are closed, particularly
on the ground and the first floor, with comfort around only 30% of the time, while 70% is considered too
warm as a reason of overheating, mostly by internal gains, as well as solar radiation. A 10% window
opening offers the least amount of hours that are considered comfortable according to category III of
the European adaptive model, which is less than 10% during the warm period. Nevertheless, a slightly
better performance can be seen in the case of 25% WFR.
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Figure 9. Percentages of thermal sensation in cool and warm months based on category III of the
European adaptive model in the case of a 10% WFR for (a) 10%, (b) quarter, and (c) half-opened windows.
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Figure 10. Percentages of thermal sensation in cool and warm months based on category III of the
European adaptive model in the case of a 25% WFR for (a) 10%, (b) quarter, and (c) half-opened windows.

When opening quarter of the window area, nearly all window orientations perform better than
the 10% window opening in both seasons, noting that the eastern windows are less effective than other
window directions. The case of 25% WFR slightly improves thermal performance in the warm period
but reduces the number of acceptable hours in the winter through the increase in cooler sensations.
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The half window opening enhances indoor thermal comfort in the warm period while simultaneously
decreasing the number of hours that appear in the acceptable range of category III of adaptive comfort.

4.2.2. Findings of Cross-Flow Natural Ventilation Using Adaptive Model

Tables 14 and 15 outline the number of office occupancy hours appearing in the European adaptive
comfort categories in the case of 10% and 50% WFR with cross-ventilation. In the case of a fully glazed
external wall, cross-ventilation improves indoor thermal comfort when increasing window opening
ratios. When opening 10% of the window area, the zones that have a window combination of the
north- and west-facing windows for the 10% WFR and east-facing windows for the fully glazed wall
display better results. Conversely, increasing the window opening from 25% to 100% can gradually
provide a greater number of comfortable hours for the zones with a window combination of the south-
and east-oriented windows and a 10% WFR as well as south- and west-facing windows for the fully
glazed wall. Such increments in window opening confirm that cross ventilation form north- and
west-oriented windows have the least efficient natural ventilation performance compared to other
window orientations in any window size and opening ratio.

Cross ventilation through a 10% WFR with various window orientations, openings, and floor
locations are presented in Figure 11. First, a 10% window opening is least effective in the overheating
period but performs better than other scenarios in the winter months. About 30% to 40% of the
occupancy hours were thermally acceptable when a half area of the window was opened in the warm
period. Fully opened windows raise this percentage, with 50% of the office occupancy time being
comfortable. In general, having cross ventilation through a combination of the north- and west-facing
windows is the most effective case in the warm period, in nearly all opening scenarios. Although
this situation could also be observed in the cool period if only 10% of the window area is opened.
A scenario of having cross ventilation from the south- and east-oriented windows performed better in
the winter months and at opening ratios larger than 10%.

The sun’s intense rays reduced the effectiveness of cross-ventilation in the case of fully glazed
external windows, as illustrated in Figure 12. Unshaded large glass surfaces can receive a significant
amount of harmful solar radiation, which results in space overheating in the summer months. It was
observed that a 10% window opening led to more than 50% too warm condition even in the winter
for the windows that receive a greater amount of solar radiation (i.e., south- and east-oriented).
Despite the fact that greater window openings can cool down the indoor temperature, the too cool
condition raises in the zones with the north-and west-facing windows when the windows are kept
open during the occupancy hours in the cool period. The occurrences of zone overheating stayed
similar to testing various window-opening scenarios. Therefore, protecting windows or solar control
is highly recommended if better thermal comfort conditions are desired in naturally ventilated office
buildings in the Mediterranean climate.
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Figure 11. Percentages of thermal sensation in cool and warm months based on category III of
the European adaptive model in the case of a 10% WFR with cross-ventilation for (a) 10%, (b) half,
and (c) fully opened windows.
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Figure 12. Percentages of thermal sensation in cool and warm months based on category III of the
European adaptive model in the case of a fully glazed wall with cross-ventilation for (a) 10%, (b) half,
and (c) fully opened windows.
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5. Discussion and Concluding Remarks

5.1. Window and Natural Ventilation Performance in Terms of “Indoor CO2 Level and Thermal Comfort”

Opening a window is a common and simple way of using natural ventilation to provide fresh air
and cool the internal spaces of a building, but the airflow that occurs in this process is rather complicated
due to the involvement of several parameters. The level of airspeed, wind direction, the temperature
difference between inside and outside, pressure variations, and turbulence characteristics determine
the amount of air coming through the openings. From an architectural point of view, the amount
of airflow also depends on the size, orientation, location, fracture of opening, and type of window.
Single-sided natural ventilation can become more complex compared to cross-flows by reason of
involving both wind and thermal effects at the same time. In single-sided ventilation, the airflow
through openings is mainly driven by the turbulence in the wind, in which space blocks the prevailing
wind [4].

The results of this study indicate that, in the case of closed windows of any window size, location,
or orientation, an average CO2 concentration exceeding 2000 ppm can lead to various symptoms, and
occupants are more likely to complain of headache, fatigue, and tiredness. In the free-running period,
the window opening is a fundamental method of ventilation and air conditioning; thus, occupants
use windows and other physiological adaptation mechanisms to maintain indoor air and thermal
conditions. Therefore, closing windows is not acceptable neither for indoor air nor for thermal comfort
conditions, even in the winter months. Moreover, in all the window orientations, first-floor zones
recorded the worst ventilation performance in terms of CO2 contamination as a reason for occurrence
possible wind turbulence.

Table 16 presents the most and least effective window orientations, in terms of providing a
maximum number of hours within category I CO2 concentration based on the BS EN 15251:2007
standard, against different ventilation strategies, window sizes, and opening ratios. In the case of
single-sided ventilation, the west- and east-facing windows provided more hours inside category I
and II, while the south-facing windows represented the least effective orientation. These findings
comply with the predominant wind directions and air velocity in Famagusta, presented in Section 3.2.
A 10% WFR needs to be fully opened to provide all the occupancy hours inside category I, while for a
25% WFR, any window orientation having an opening ratio ranging between 25% to fully opened
widows can ensure category I of the CO2 concentration for the 2088 occupancy hours. Cross-ventilation
scenarios are more efficient in terms of allowing a greater amount of airflow to pass through openings.
Cross-flow by a window combination of the south- and east-facing windows is the most effective case.
Conversely, the north- and west-oriented windows offer the least effective cross-ventilation scenario.

Table 16. The most and least effective window orientations for providing a maximum number of
acceptable hours based on the CO2 concentration category I (BS EN 15251:2007).

Ventilation
Strategy

Window
Size

(WFR)

Effective
Openings *

Window Openings (%) and Best/Worst Orientations

10% 25% 50%, 75%, 100%

Best Worst Best Worst Best Worst

Single-side 10% None West, East South
West South West, East South

25% All openings All occupancy hours appear in category I

Cross-flow
10% None South +

East
North +

West All occupancy hours appear in category I

50% All openings All occupancy hours appear in category I

* Comparing different window sizes for the same ventilation strategy.

Table 17 outlines the most and least effective window orientations, in terms of providing a
maximum number of acceptable hours according to the European adaptive comfort categories, against
different ventilation strategies, window sizes, and opening ratios. In the case of small windows,
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the least amount of airflow cannot overcome the overheating problem caused by internal gains and
direct solar radiation. Therefore, northern windows (in the case of single-side ventilation) as well as
north- and west/east-facing windows (in the case of cross-ventilation) provide more acceptable hours
of the European adaptive comfort categories due to their receiving a lesser amount of solar radiation.
The southern windows (in the case of single-side ventilation) as well as a combination of the south-
and east-facing windows (in the case of cross-ventilation) present less effective scenarios. Nevertheless,
larger window sizes and opening ratios allow a greater amount of fresh air, from the predominant
wind directions of the study location, to enter and cool the spaces; thus, southern windows, as well as
south- and east/west-facing windows, turn out to be more effective window orientations.

In general, northwest zones performed better compared to southeast zones on all the floors.
Referring to a previous study [5], one interpretation for this situation might be the lesser amount of
solar radiation received by those zones due to unshaded windows and inappropriate window material.
When a zone has a north-facing window, a greater number of comfortable hours can be achieved.
West-oriented windows come in at the second position, followed by the east- and south-oriented
windows, respectively. Owing to the fact that unshaded south windows can result in the overheating of
internal spaces, one can perceive that in the cases of closed and 10% opened windows, the south-facing
windows produce thermally uncomfortable indoor environments. In these cases, the amount of airflow
from natural ventilation cannot confront the elevated temperature from external and internal gains.
Therefore, the zones with south-oriented windows can have minimal comfortable hours based on
adaptive comfort categories.

Table 17. The most and least effective window orientations for providing a maximum number of
acceptable hours based on the European adaptive comfort (BS EN 15251:2007).

Ventilation
Strategy

Window
Size

(WFR)

Effective
Openings *

Window Openings (%) and Best/Worst Orientations

10% 25% 50%, 75%, 100%

Best Worst Best Worst Best Worst

Single-side 10% All openings North South North,
West East

South North

25% None North South West South

Cross-flow
10% 10%, 25% North +

West South +
East

South +
East North

+West

South +
East North

+West

50% 50%, 75%,
100%

North +
East

South +
West

South +
West

* Comparing different window sizes for the same ventilation strategy.

However, it was observed that three-quarter and full window openings result in a less effective
window and natural ventilation relationship in terms of thermal comfort performance compared to
quarter and half window openings. This is because larger opening portions can increase the risk
of overheating and overcooling on the indoor environment due to the extreme outdoor conditions
in both summer and winter periods. Furthermore, larger window areas and opening ratios allow a
greater amount of airflow from natural ventilation, while this does not guarantee improved indoor
thermal conditions. A larger window area contributes to more heat gain and loss if a suitable window
material is not selected or the window area is not protected from direct sun radiation. In contrast
to the 10% WFR case, increasing the opened portion for south- and east-facing windows offer more
hours in category I and II on each floor. The other window orientations reduce their efficiency with a
larger window opening area regardless of the floor location. In the case of a fully glazed external wall,
cross-ventilation improves indoor thermal comfort when increasing window-opening ratios.
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5.2. Concluding Remarks and Recommendations

In the Mediterranean climate, window-based natural ventilation has a significant potential to
improve indoor environmental conditions in free-running period. Therefore, the effectiveness of natural
ventilation is extremely associated with early window design and post-occupancy user behaviour.
In naturally ventilated buildings, indoor air quality and thermal comfort have a close correlation
with each other, thus an “indoor air quality–thermal comfort” dilemma exists. This study examined
the relationship between window design and natural ventilation performance in the Mediterranean
office buildings in terms of the level of CO2 concentration and thermal comfort condition. The study
applied an experimental method of computational modelling and simulation utilising TAS Engineering
software to perform dynamic thermal simulations. The building was designed as a three-storey
office building with four thermal zones on each floor, while different window sizes, orientations,
and opening scenarios were studied for both single-side and cross-ventilation strategies. Carbon
dioxide concentration categories and the adaptive comfort model were determined and assessed based
on the BS EN 15251:2007 standard. The study was limited to a three-storey office building, a floor layout
with a 1:1 aspect ratio, common materials in envelope construction of the study location, unshaded
windows (neither from external nor from internal sides), and a high-occupancy office. Therefore,
it presents the following concluding remarks:

• Closed windows for any window size, orientation and location cannot provide any office working
hours that the CO2 concentration appears under category I and II according to the BS EN 15251:
2007 standard. In addition, the CO2 level exceeds the recommended threshold (1000 ppm); it also
reaches 2000 ppm, for which occupants may suffer from sick building syndrome (SBS).

• In the free-running period, a window opening is the main method of ventilation and cooling,
thus occupants use windows as well as other physiological adaptation mechanisms to maintain
indoor air and thermal conditions. Therefore, closing windows is not acceptable, neither for
indoor air nor for thermal comfort conditions, even in the winter months.

• Natural ventilation performance depends on the direction of the wind, air velocity, and the
turbulence characteristics of the wind.

• From an architectural point of view, window design, including various parameters, highly effects
natural ventilation performance. Thus, architects should study and understand the relationship
between window design and natural ventilation in a particular climatic condition, to help them
make informed decisions in the early design stage.

• Cross-ventilation scenarios are more efficient in terms of allowing a greater amount of airflow
to pass through openings. Cross-flow by a window combination of the south- and east-facing
windows is the most effective case. Conversely, the north- and west-oriented windows offer the
least effective cross-ventilation scenario.

• Despite the existence of a cross-ventilation strategy, the sun’s harmful rays could reduce the
potential of this effective passive strategy. It was observed that larger window sizes and opening
ratios could decrease the effectiveness of window and natural ventilation due to the extreme
outdoor weather conditions in both the summer and winter months.

• Overall, the results of unshaded windows of this study indicate that single-sided ventilation
through a small window size (i.e., 10% WFR) with half to fully opened area can be more
effective than larger window sizes of the same ventilation strategy, and even more effective than
cross-ventilation of various window designs in adjacent walls.

• Floor location has its effect on the window and natural ventilation performance in a way that the
windows of the higher floor zones are more effective than those in the lower floors do.

• Natural ventilation performance decreases in the first-floor zones, showing higher carbon dioxide
levels, namely for the south-facing window in the summer and north-facing window in the winter.

• Natural ventilation performance shows less efficient in terms of diluting CO2 contaminant in the
cool period compared to the warm period.
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• Unshaded windows, even with the most effective design and ventilation strategy, can only provide
50% to 60% of the office occupancy time as thermally acceptable for adaptive thermal comfort.

• To adopt passive design strategies effectively in the Mediterranean climatic, it is important
to consider every building envelope element, such as the optimal window design attributes,
window-to-floor area, window type, appropriate glazing materials, window orientation, and the
required shading ratios to improve indoor thermal comfort and reduce CO2 levels. More studies
are required to address conflicting performance criteria simultaneously in naturally ventilated
office buildings.

• A performance-based window design model can guide architects toward making knowledge-based
and informed-decisions in the early architectural design stages.
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Abstract: Implementing China’s emission reduction regulations requires a design approach that
integrates specific architectural and functional properties of railway stations with low greenhouse
gas (GHG) emission. This article analyzes life cycle GHG emissions related to materials production,
replacement and operational energy use to identify design drivers and reduction strategies
implemented in high-speed railway station (HSRS) buildings. A typical middle-sized HSRS building
in a cold climate zone in China is studied. A detailed methodology was proposed for the development
and assessment of emission reduction strategies through life cycle assessment (LCA), combined with
a building information model (BIM). The results reveal that operational emissions contribute the
most to total GHG emissions, constituting approximately 81% while embodied material emissions
constitute 19%, with 94 kgCO2eq/m2·a and 22 kgCO2eq/m2·a respectively. Optimizing space can
reduce operational GHG emissions and service life extension of insulation materials contributes to a
15% reduction in embodied GHG emissions. In all three scenarios, the reduction potentials of space,
envelope, and material type optimization were 28.2%, 13.1%, and 3.5% and that measures for reduced
life cycle emissions should focus on space in the early stage of building design. This study addresses
the research gap by investigating the life cycle GHG emissions from HSRS buildings and reduction
strategies to help influence the design decisions of similar projects and large space public buildings
which are critical for emission reduction on a larger scale.

Keywords: GHG emissions; life cycle assessment; large space building; high-speed railway station

1. Introduction

Globally, the construction and operation of buildings account for 36% of the total final energy
use and nearly 40% of greenhouse gas (GHG) emissions represented by carbon dioxide (CO2) [1].
China’s carbon emissions will peak by 2030 and, thus, need to be reduced dramatically as pledged
in the Intended Nationally Determined Contribution (INDC), signed as part of the Paris Climate
Agreement [2]. As the largest carbon emitter in the world, China is facing severe challenges in saving
energy and reducing GHG emissions of built environments, which are gaining in importance as it
moves to bring the building sector under control. In the 13th Five-Year Plan (2016–2020) implemented
by the State Council, aiming to save energy and cut emissions, public buildings are emphasized [3],
given that they have the largest share in the total consumption of operational energy (excluding district
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heating) among the different building categories. The most important reason is that the proportion
of large-scale or large space public buildings in the building sector—for instance, transportation
buildings—has been rising rapidly [4]. Large space buildings refer to those that have great floor
height, large enclosed space volumes, and diverse ventilation systems [5]. Energy consumption of
transportation buildings per square metre is two to three times that of conventional public buildings
such as offices and schools, indicating their greater impact on energy and environment [6] (see Figure 1).
As a typical large space public building, a high-speed railway station (HSRS) building is attracting
increasing attention. The operating mileage of high-speed railway in China currently ranks first in the
world under the ‘eight vertical and eight horizontals’ railway network plan [7]. These often run on
newly created lines and therefore require improved modern stations on new sites. HSRS, known as the
gateway to the city, will gradually become the most common type of railway stations, and an increasing
amount of constructions will likely promote an upward trend in energy and resource demand in the
immediate future. Due to increasingly stringent energy requirements and improved energy efficiency,
the embodied GHG emissions from building materials are gaining significance [8–11]. As a major
consumer of societal energy and national resources, it is necessary to conduct evaluative research on
HSRS buildings in the scope of embodied GHG emissions.

 
Figure 1. Energy use comparison among five types of public buildings [6].

Several studies have focused on the energy consumption and carbon emissions from multiple
building typologies internationally, including residential, office, school, and hotel buildings in
China [8,9], Norway [10,11], Spain [12] and the United Kingdom [13]. More attention should be paid
to the environmental performance of HSRS buildings, which also needs to be drastically improved.
A shift toward low-emission buildings of railway stations is laying down solid tracks for the sustainable
building sector. The concepts of ‘zero emission station’, ‘zero energy station’, ‘green station’, and ‘eco
station’ have emerged in order to address the global warming challenges from railway stations: for
instance, the European Commission supports sustainable station constructions with the ‘Sus Station’
project and has achieved a new sustainable, low-carbon generation [14]. The green railway stations
rating program of the Indian Green Building Council aims to reduce the adverse environmental
impacts due to station operation and maintenance [15]. Despite all of this, earlier studies on railway
station buildings mainly focused on energy efficiency [16–22], indoor thermal comfort [23,24], and
ventilation and air quality evaluation [25,26]. Some research discussed the environmental impacts
of the railway transport sector, in which railway stations are usually considered as a part of the
whole infrastructure. In rail system studies, Håkan et al. [27] presented the energy use and GHG
emissions results from example railway stations in construction, maintenance and operation by a
life cycle approach. Zhang et al. [28] calculated high-speed transport energy consumption based on
the construction investment integrating elements of life cycle analysis. However, work on the direct
perspective of the emission data, as well as design measures in detail, is rather limited. Further study
is needed to consider life cycle GHG emissions from HSRS buildings, which is rarely studied as the
main research object.
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Life cycle assessment (LCA) is a well established approach used for the environmental assessment of
buildings and provides the necessary information for reducing the environmental impacts systematically
and comprehensively [29]. It would be only giving a limited perspective of the environmental impact
of a given building to judge the GHG emissions only during its operating phases. LCA makes it
possible to evaluate the total GHG emissions and help to determine the ratio between embodied and
operational emissions. Furthermore, LCA also aids designers in selecting optimal design solutions, by
evaluating different emission reduction measures [30].

The complete life cycle of a building measures the cradle-to-grave impacts from four main
stages [31]: the product stage (A1–A3), construction process stage (A4–A5), use stage (B1–B7), and
end-of-life stage (C1–C4). The optional stage of benefits and loads (D) is defined to document potential
emission compensation of processing or reusing materials after end-of-life. In accordance with
international LCA standards [32,33], the LCA methodology is used to quantify the life cycle GHG
emissions following four main steps: goal and scope, life cycle inventory (LCI), environmental impacts
assessment, and results interpretation. Different studies have carried out the life cycle GHG emission
calculations with varying objectives, system boundaries, data sources, and levels of detail, following
the LCA methodology [11,34,35]. Some studies have briefly evaluated the life cycle CO2 emissions of
an HSRS building for energy efficient and carbon reduction analysis [21,22]. However, these previous
studies have not analyzed the purpose of evaluating life cycle GHG emissions to extract important
design drivers and further understand how to reduce GHG emissions for HSRS buildings. In general,
research on life cycle GHG emissions from HSRS buildings is representative, and provides a scientific
basis for other large space public buildings.

The need to study the profile of environmental performance of HSRS buildings has led the authors
to explore adaptive carbon reduction strategies on low GHG emission design. A typical medium-sized
HSRS building in Tianjin, China was selected for the present study as a subject on which to conduct
a detailed analysis. This work begins with introducing HSRS in China and outlining significant
carbon mitigation measures in general buildings collected from literature, which provide background
information about the following analysis. Section 3 presents the methodology used for evaluating
and discussing the case study, taking into consideration the life cycle GHG emissions generated
from materials and operational energy use. Section 4 describes the case building. The embodied,
operational, and total GHG emissions are calculated and results are presented in Section 5 to extract
design contributors and deduce reduction-oriented aspects. These findings are further discussed and a
stepwise analysis from single to multiple strategies is proposed. The updated results of GHG emissions
related to the case with different strategies regarding building space, envelope, and materials are
recalculated, and the reduction proportion between origin and updated results of GHG emissions are
investigated to extract reduction potentials by comparison. Final remarks are drawn in the conclusions.

2. Background and Related Studies

2.1. HSRS in China

2.1.1. Driving Policies and Regulations

For sustainable development and low carbon transformation, all levels of government (local,
province, and even transportation agencies) have adopted effective policies to strengthen response,
and taken actions to combat climate change, as illustrated later. A special plan for building energy
conservation in China promulgated energy saving renovations at airports, piers, and railway stations
according to China’s Energy Policy 2012 [36]. The 13th Five-Year Plan (2016–2020) continues to
upgrade public buildings to high performance green buildings. Large railway stations are required to
optimize design to realize gains in energy efficiency. The China Railway Corporation (CRC) pushed
forward energy conservation in railway stations [7] and was required to stimulate a green and low
carbon transportation plan in accordance with the 13th Five-Year Plan of Railway Development [37].
Newly built railway stations must meet the requirements of the design standard for energy efficiency
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of public buildings (GB 50189-2015) [38], which indicate that energy consumption of new buildings
should be lower than 75% of that of comparable buildings in the 1980s. The standards for drainage
systems, electrical systems, and renewable energy have also been raised [29]. Despite stricter design
requirements and improved energy saving standards, there are few systematic design principles,
strategies, and applications for reducing the life cycle GHG emissions of HSRS buildings. Under most
circumstances, they only rely upon conventional building solutions and experiences of generic buildings
and do not consider specific characteristics.

2.1.2. Characteristics of HSRS Buildings and Climate Zones in China

Railway stations are classified into super large, large, medium, and small sizes by construction
scale, based on the maximum assembling passenger number or dispatched passenger number during
rush hour [39]. Medium-sized railway stations are significantly important for study because they have
the largest share of the railway station stock in China. A railway station is a complex example of civil
engineering, as it includes buildings, platforms, and other infrastructures. In this study, a railway
station building refers to the main building in the station, a multi-functional complex that provides
facilities such as a waiting room, ticket office, shopping, restaurants, variety stores, and other amenities
for passengers. Compared with general public buildings such as governmental offices, domestic
HSRS buildings have certain characteristics that are similar to the renewed modern railway stations.
Typically, massive, reinforced concrete structures are used with large glass areas and structural steel
(see Figure 2). The waiting room/hall is designed as a large enclosed space volume with high floor
height making the building a city landmark. Many new stations follow design principles similar to
airports, with constant daily operation [20]. For the convenience of management and use, the station
building is usually designed along the railway line, so its main orientation is not consistent with the
best orientation in most cases.

 
Figure 2. Schematic diagram of HSRS building in shape and scale [40].

The local climate conditions to which the building is exposed play a significant role in selecting
effective climate responsive strategies during the design process. As defined by the National Uniform
Standard for Design of Civil Buildings (GB 50352-2019), China is divided into five main climate
zones: severe cold, cold, hot summer and cold winter, hot summer and warm winter, and mild.
In northern China, operating energy has a relatively comprehensive configuration in which heating
accounts for a larger proportion compared to that in southern regions because of climate condition
differences. Severe cold and cold zones in the north region present saving potentials for operational
energy emissions on cooling as well as heating. One of the largest cities in the cold zone, Tianjin, has a
typical temperate monsoon climate with distinct seasons, which varies greatly in summer (hot and
rainy) and winter (cold and dry). The thermal design of the building envelope in Tianjin requires the
extensive use of strategies for insulation, not only for the cold winter weather but also for summer heat
protection. In this research, a medium-sized building from Tianjin South Railway Station was selected
as the case to be studied (henceforth Case-TJS). The cold zone and site of the case building are depicted
in Figure 3.
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Figure 3. Climatic regionalization map for architecture in China and site of the case study building.
(Red spot: representative cities in China, orange spot: Tianjin.).

2.1.3. Field Investigation and Questionnaire

To explore the possible influence of design factors on energy consumption, the research team
conducted a field investigation of 10 HSRS buildings along the Beijing–Shanghai high-speed railway.
The buildings vary in their capacity, GFA, width, depth, and height. A brief comparison is provided in
Table 1. It was found that station buildings face the same architectural and technical design problems
and have great energy saving potential in terms of form scale, space utilization, function layout,
building details, and operating frequency:

• For medium-sized HSRS buildings, the width is usually from 145 m to 206 m, as well as depth
being from 20 to 44 m. The average roof height is approximately 26 m, which is larger in buildings
of a super large or large size. There are overcrowded passengers in station (10) but few in station
(2), and the capacity design is shown to be not consistent with the scale.

• The height above the enclosed waiting room cannot be used efficiently, since they consume energy
for operation, which reflects low utilization of vertical space.

• No thermal partitions are set up in waiting rooms. The HVAC system works for a centralized
large room and can’t be controlled in a modular way according to the pedestrian volume.

• The glass curtain wall makes the building transparent; however, the shading devices seem not to
be enough in summer seasons.

A questionnaire survey was also conducted among 485 passengers on travel behaviour, in which
72% stated that they prefer to arrive at the waiting room less than half an hour before a train’s departure
instead of waiting for a long time. In fact, high-speed trains depart every five to ten minutes in most
stations, implying that ticket gates have to be opened frequently to check tickets. Passengers do not
have to stay in the enclosed waiting room for a long time. The waiting room area, defined originally by
regulations governing conventional railway stations, encourages unnecessary energy consumption
in HSRS.
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Table 1. Physical and spatial characteristics of investigated HSRS buildings in the cold zone.

Code * HSRS
Capacity
(Person)

GFA
(m2)

Space (m)

Width Depth Height

(1) Beijing South railway station 10,500 252,000 350 195 40
(2) Tianjin West railway station 5000 104,000 400 145 57
(3) Jinan West railway station 4000 100,000 192 107 44
(4) Langfang railway station 1000 9889 170 36 20
(5) Tianjin South railway station 1000 8669 145 20 30
(6) Cangzhou West railway station 1200 10,213 168 34 22
(7) Dezhou East railway station 2000 19,810 206 34 30
(8) Qufu East railway station 1500 9996 206 35 28
(9) Zaozhuang railway station 1000 9965 185 37 21
(10) Xuzhou East railway station 2500 14,984 164 44 28

* denotes that stations (1)–(3) are super large and large sizes, stations (4)–(10) are medium-sized.

2.2. GHG Emission Reduction Strategies for Buildings

Research concentrating on railway station buildings, especially the high speed type, is relatively
limited; some of the existing literature takes into account reduction measures for energy consumption
that are directly correlated to operational emissions, such as: the relationship between energy
consumption and passenger flow density [16]; energy efficiency measures on performance parameters
of a building envelope, area ratio of skylight and sun shading mode [17]; energy saving approaches
that place greater emphasis on the reduction of air infiltration [18]; triadic relation among lighting
comfort level and lighting energy consumption [19]; intelligent control strategies as feasible energy
saving solutions [20]; and energy efficient analysis on construction scale, space design, function layout,
and operation mode [21,22]. Energy potential in conventional stations or HSRS has been analyzed in
different domestic regions. These studies mainly focus on reduction measures in terms of building
envelope, while few are concerned with the influence of building form in terms of space design.

In recent years, there has been growing interest in not only the evaluation of embodied emissions,
but also the effect of innovative and alternative solutions to reduce total embodied environmental
impacts. However, there has been rarely research on railway station buildings focusing on embodied
emissions, which can be understood by analyzing other building categories. For instance, Luo et al. [8]
analyzed and calculated the CO2 emissions of 78 office buildings in the construction materialization
stage, obtaining results of 327kgCO2/m2 on average (building lifetime is considered to be 50 years).
A prediction formula using steel reinforcement, concrete, and wall materials as independent variables
was found to predict CO2 emissions. Existing research displayed high carbon mitigation potentials
when taking into consideration the substitution of building materials/components during the early
stage design of buildings [41]. Zhang et al. [9] demonstrated that residential and office buildings with
a reinforced concrete block masonry structure could reduce carbon emissions by 6–18% compared with
either a reinforced or brick concrete structure. Substantial reductions of embodied energy (or carbon)
for the use of traditional and locally available building materials were shown, compared to using
conventional materials/components in some studies [42,43]. Other studies [44,45] revealed that the use
of recycled and reused materials can significantly reduce the embodied energy and carbon emissions
in buildings. A study by Maddalena et al. [46] indicated that implementation of materials/components
with new and innovative technologies helps reduce the embodied carbon of buildings, such as in the
form of “green” types of cements and high performance concrete.

3. Methodology

3.1. Life Cycle GHG Emissions Calculation

3.1.1. Goal and Scope

The goal of this analysis is to evaluate, quantify, and present an overview of life cycle GHG
emissions of the HSRS building as a basis for investigating emission reduction strategies. Figure 4
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shows the life cycle phases and system boundary for the case study. The system boundary is founded
on the modular life cycle system boundaries as in EN15978: 2011 [31] and defined in accordance
with the scope of OM: O (operational energy use), which refers to life cycle module B6, the direct
carbon emissions resulting from fossil fuels and electricity during the operation process; M (materials)
corresponds to life cycle modules A1–A3 and B4, for the production and replacement of building
materials, the current scope of embodied GHG emission calculation. Embodied GHG emissions are
limited from raw material supply to manufacturing of the main products and materials needed, which
include material inputs to the gate. The replacement of new materials over the building’s lifetime
has also been included. A building reference study period is set to 50 years in terms of the design
lifetime (50–100 years) of HSRS based on the standard [47]. The estimated service lifespans of different
building materials and components are mainly based on average values from product suppliers and
research literature [48,49].

The functional unit is expressed as per 1 m2 of unit gross floor area (GFA) over the building
lifetime, to provide a reference for relevant inputs and outputs, so as to ensure the comparability of
calculation results. The global warming potential (GWP) is weighted by carbon dioxide equivalents
(CO2eq) with the Intergovernmental Panel on Climate Change’s 100-year horizon method. Thus, life
cycle GHG emissions (noted as LCCO2eq below) (kg CO2eq/m2·a), GHG emissions per unit construction
area and one year of building’s service life, can be taken as the functional unit of LCCO2eq of an HSRS
building. All the calculations follow the principles of an environmental assessment through life cycle
analysis. The calculation model is as follows.

LCCO2eq = LCCO2eq(A1-A3) + LCCO2eq(B4) + LCCO2eq(B6) (1)

Here, LCCO2eq(x) refers to the GHG emissions generated from specific (x) life cycle module
(A1–A3, B4 or B6). LCCO2eq represents the total GHG emissions of a function unit in the life cycle.
In the complete life cycle of an HSRS building, A1–A3, B4, and B6 are together responsible for more
than 90% of total emissions in the case studies [21]. The early design stage has the largest impact on the
life cycle stages, while controlling transportation/construction, and the end-of-life stage is difficult [50].
Additionally, energy performance can be improved by architects and engineers by integrating adaptive
strategies in the early design stage [51]. Thus, the construction process stage (A4–A5) and end-of-life
stage (C1–C4) have been excluded in this study.

 

Figure 4. Life cycle phases of a building and system boundary for the case study [31].

3.1.2. Data Sources

Building materials referred to in this study are mainly categorized into four parts: wall materials,
concrete, steel, and mortar. When the case study was carried out, there was an unknown environmental
product declaration (EPD) providing transparent and consistent information about specific CO2eq

emission data from the construction material supplier or manufacturers in China. Generic CO2eq

emission data of construction materials from the Chinese national standard for building carbon
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emission calculation [52] are used, as shown in Table 2. The CO2eq emission data of construction
materials in terms of insulation, window, and concrete block are taken from a database of related
research [48,49] when the standard is lacking. Electricity is the only form of energy delivered to the
case building systems. The annual electric GHG emission factor plays an important role in operational
emission calculation. Previous research has updated the CO2eq factors for Chinese electricity grids
in seven regions to determine the organization’s and product’s carbon footprint with necessary
modifications [53]. The present work considers a specific factor of 1.15 kgCO2eq/kWh [53] to calculate
the emissions from the electricity, and it is assumed to remain constant during the building’s lifetime.
The GHG emissions related to energy use can be highly sensitive to the electricity emission factor.
The current electricity consumed is from the north region power grid, national public network.
The primary energy resources involved come from coal, hydroelectric and wind. Coal-fired electricity
generation constitutes approximately 99% of power generation, leading to a high value of CO2eq factor.

Table 2. CO2eq emission data of partial construction materials in the standard [52].

Material Type C30 Reinforced Concrete Steel Cement Sand Stone

Unit kgCO2eq/m3 kgCO2eq/t kgCO2eq/t kgCO2eq/t kgCO2eq/t

CO2eq Emission Data 295 2340 735 2.51 5.08

3.1.3. Material Inventories and Levels of Detail

Load-bearing structures and building envelope partitions are the main sections in the entire
building formation stage [8]. Hence, in this study materials inventory is simplified and excludes
inventory of building services, equipment, and internal finishes. The life cycle material inventories for
the case study are structured according to the building elements classified in the LCA tool, such as
groundwork and foundations, load bearing structure, outer walls, inner walls, floor structure, and outer
roof. In addition, the construction elements of railway stations outside surroundings such as railway
platforms, platform canopies and loading platforms have not been included in the models due to the
focus on developing solutions at the individual building level. The data include the most up-to-date
building details; material properties and related information were collected from building constructions
in order to build a model to obtain the material quantities data. A quota calculation method [54] was
chosen to measure the quantities of unclear materials for calculation simplification, such as foundations
and steel bars in the concrete structure. A 5% and 10% surplus for different materials were added in
order to account for on-site processes, broken elements, and purchased quantities.

3.2. Implementation of Sensitivity Analysis in Building Models

Sensitivity analysis (SA) is the observational study of identifying the most influential input
parameters for the output behaviour in the model. Besides increasing the understanding of the
relationships between design parameters and objectives of key performance indicators (KPIs), SA can
be a valuable tool for supporting a design–optimization process, by narrowing the search ranges and
limiting the number of factors to only the most significant ones. Therefore, it has been broadly used in
the domain of building performance analysis and explores the highly sensitive parameters influencing
energy performance for design support in various building types or climate zones [55,56]. Two major
methods for SA are termed ‘local’ and ‘global’ as summarized in [57]. The global sensitivity analysis
(GSA), as a more reliable method, includes regression (e.g., SRC), screening methods (e.g., Morris),
and variance based (e.g., FAST, Sobol indices) and meta-model approaches. When restricted to the
quantification of environmental impact, it behaves linearly, with standardized regression coefficients
(SRC), etc., that can be chosen [57]. Another technique to avoid extensive combinations of extreme
values is stochastic modelling with the aid of a Monte Carlo simulation or Latin hypercube sampling
(LHS). In the simulations, a predefined, limited number of combinations of random parameters are
used to calculate the outcomes [58].
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To simplify the complexity of evaluation, in this study a SA of multiple design variables of building
envelope in software to operational GHG emissions was performed to evaluate the highly sensitive
parameters. The results are used for preliminary judgment, to predict optimal design strategies, and
to conduct further analysis. Design strategies in terms of space and material could not be defined
as design variables in aided tools; therefore, the analysis was conducted separately and manually.
The SA method implemented in this study is SRC, with the sampling method of LHS. SRC value, as
a sensitivity index, is used to describe the relative influence of variability parameters on the output
results of a model. A high value of SRC indicates that the parameter has a strong influence on the
results. The output objective of ‘operational CO2eq emissions’ is defined and calculated by referring to
annual total energy related emissions.

3.3. BIM-LCA Approach

For an efficient and systematic connection of building models, energy simulation, and life cycle
GHG calculation, this study integrated all work based on a ‘building information model (BIM)’ with
support tools. The case model, built in Autodesk Revit, contains the building model’s geometric,
space, and some thermal information; therefore, it is referred to as the ‘building information model’.
For building energy simulation and further design optimization, the ‘building information model’
in Autodesk Revit was then converted to the ‘building energy model’ directly, using simulation
software DesignBuilder with EnergyPlus engine. Some complicated and special components should
be simplified for making it efficient to run a simulation, but close to the real situations. For instance,
beams and columns of structures are deleted and some curves of window corners are changed to
straight lines. The energy used for operation of the building was calculated through specific input
data for energy simulation. An Excel based LCA tool was used in this study, which was developed by
the Research Centre for Zero Emission Buildings and verified in life cycle GHG emission calculations
for numerous case studies and pilot buildings [10,11,59]. Proper categories and boundaries are set
in order to acquire relevant outputs. Quantities of different materials and components have been
exported from the Revit/BIM model, and then delivered to the LCA tool for detailed GHG calculations.
The materials and components contained in the BIM output correspond to the categories in the LCA
tool. In DesignBuilder, GSA of operational energy emissions was also conducted to filter out the highly
sensitive parameters, which are the key design strategies of the building envelope to be considered.

4. Case-TJS

4.1. Case Description

Almost all medium-sized HSRS buildings in the cold zone follow the characteristics mentioned in
Section 2.1.2. Additionally, they have a similar structure and envelope pattern and thus the variables
are limited. The materials used for the building structure were reinforced concrete, and the envelope is
mostly hollow concrete block with a curtain wall system. Case-TJS is used as a representative sample in
this study. The results of the analysis are applicable to other medium-sized HSRS buildings in China.

Case-TJS is a 2-story building comprising a ground floor (0F) and a first floor (1F, platform),
covering a GFA of 8669 m2. It is located in the Xiqing District, southwest of Tianjin, China. The Xiqing
district is at 39◦N latitude with a mean daily outside relative humidity of 62–73%. The mean daily
outside air temperature is 29.3 ◦C in summer and –9.4 ◦C in winter. The case building is composed
of two parts, the west wing building (rail side) and east wing building below the railway lines or
platform (rail below). Typically, the west wing building is representative in space, structure, envelope,
and materials. The internal height is 30 m, the same as the large waiting room. The width and
depth are 145 m and 20 m, respectively. Case-TJS is oriented east west, as are other stations in the
Beijing–Shanghai railway network. The maximum assembling passenger number is about 1000 people.

The structural components refer to the column and beams; the foundation and the floor slab are
composed of reinforced concrete, others being steel truss structures in the west wing roof. The external
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walls contain a small concrete hollow block, 100 mm Rockwool (west wing) or 60 mm polystyrene (east
wing) insulation with an ETERPAN fibre cement board. A double low-E glazing glass curtain wall was
used as a waiting hall envelope. The outer roof of the west wing consists of 100 mm of aluminium foil
glass wool insulation with colour steel lamellas for the sunscreen. The east wing roof is mainly covered
with a reinforced concrete slab and 80 mm extruded polystyrene (XPS) insulation. No skylights and
solar thermal collectors are currently installed on the roof. The floor is decking with 30 mm of XPS
insulation, fine stone concrete, and granite.

4.2. Parameter Setting for Simulation

Figure 5a shows the building information model built in Autodesk Revit. Figure 5b shows the
building energy model in the simulation software DesignBuilder. The meteorological data used for
the simulation correspond to the local climate, according to the Chinese Standard Weather Data.
Heated rooms, such as the waiting hall and office, are the primary areas with floor heating and XPS
insulation. The indoor design parameters of occupancy, the HVAC system, lighting, and domestic hot
water (DHW) are in accordance with the real condition and code for design of a railway passenger
station [39], and are shown in Table 3. The waiting hall/room is a typical feature in station buildings;
the parameter in these areas is particularly important. The occupancy density of the waiting hall is
determined as 0.12 persons/m2 considering the high mobility and regularity of passengers. To achieve
satisfactory levels of thermal comfort in summer, most railway stations in cold regions have a central
air conditioning system. Electric power is needed for energy supply solutions. The building has a
balanced mechanical ventilation system equipped with a heat recovery unit. The variable air volume
ventilation operates a mixed flow in the waiting and ticket room: the fresh air is supplied into the
building from the top and is extracted down into devices below. Standard hygienic flow rates are
imposed, with minimum fresh air 2.778 l/s per person. The building is equipped with electric water to
the water/ground source heat pump (GSHP) to cover the thermal needs (i.e. space heating and cooling).
A floor heating system is used in the waiting room. The value of the whole system seasonal coefficient
of performance (SCOP) in heating and the energy efficiency ratio (SEER) in cooling for specific pump
power is set to 4.0 and 4.8 respectively. The heat pump produces hot water with a temperature of 45 ◦C
in winter, and cold water combined with air-to-water chillers in summer (supply temperature of 12 ◦C).
The energy consumption of fans, pumps and other auxiliary equipment is calculated. The consumption
rate of 0.4 l/m2·day is supplied for DHW with a draw-off temperature set at 65 ◦C. These reflect the
practices in modern medium-sized HSRS buildings. The operation schedule is from 05:00 to 23:00,
in keeping with the existing train time of day scheduling in Case-TJS. The indoor illuminance of the
waiting room is controlled to be 200 lux and the power density is 8 W/m2.

(a) (b) 

Figure 5. (a) Bird’s eye view of building information model (BIM) in Revit; (b) Building energy model
in DesignBuilder.

78



Sustainability 2020, 12, 1704

Table 3. Design parameters for the occupancy, HVAC system, lighting, and DHW.

Design Parameters Values

Occupancy Density (Persons/m2) 0.12 (Waiting Room)

HVAC system

Heating
Heating design temperature 18 ◦C (waiting room)

SCOP 4.0 (GSHP, electricity)
Operating schedule 15th November–15th March; 5:00–23:00 on

Cooling
Cooling design temperature 28 ◦C (waiting room)

SEER 4.8 (GSHP, electricity)
Operating schedule 15th May–15th September; 5:00–23:00 on

Mechanical ventilation–air exchange 2–3/h
Minimum fresh air (l/s·person) 2.778

Lighting efficiency
Illuminance (lux) 200 (waiting room)

Power density (w/m2) 8 (waiting room)/6 (others)
Operating schedule 5:00–23:00 every day, whole year

DHW Consumption rate (l/m2·day) 0.4

5. Results and Discussion

5.1. LCCO2eq by Life Cycle Module

According to energy simulation results shown in Figure 6, the total annual electricity consumption
for the building is 706,523 kWh/year, including heating, cooling, lighting, fans and pumps, and
DHW. The operation energy use per unit area of the case building is 81.5 kWh/m2·a, corresponding
to operational energy emissions of 94 kgCO2eq/m2·a, as electric CO2eq factor is 1.15 kgCO2eq/kWh.
Heating and cooling are the main energy consumers in Case-TJS, followed by lighting, which is
consistent with the previous study about large-sized HSRS buildings [22].

Figure 7 shows the contribution of different life cycle modules in GHG emissions, assuming a
50-year life span. The total LCCO2eq is calculated to be 115 kgCO2eq/m2·a. The majority of emissions
apparently occur during the operational energy use phase (O, or B6), constituting a percentage of 81%.
Thus, operational energy emissions are much more dominant than embodied GHG emissions for the
case study. This can mainly be due of the high emission factor used for the grid. As a previous analysis
shows, low utilization of vertical height is perhaps also a reason for not only high energy consumption
and associated emissions in domestic HSRS buildings, but also low occupant density of the waiting
room. Construction material emissions from the production and replacement phases (A1–A3 and B4)
contribute 14.1% and 4.7% respectively, with a high level of 22 kgCO2eq/m2·a in total, compared to
other building typologies. The embodied GHG emissions of life cycle module A1–A3 is 3.0 times that
of module B4. The calculation results also highlight the significance of embodied GHG emissions,
accounting for approximately 19% of GHG emissions generated from the life cycle of HSRS buildings.

Figure 6. Distribution of annual operational energy use (kWh/m2·a).
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Figure 7. GHG emissions per life cycle module (kgCO2eq/m2·a).

5.2. Embodied GHG Emissions of Building Materials

5.2.1. Embodied GHG Emissions by Building Elements

This study detailed the embodied GHG emissions of each section in life cycle modules A1–A3 and
B4. The embodied GHG emissions of different building elements and the percentage they constitute are
summarized in Table 4. The results show that outer walls are the largest contributor to high embodied
GHG emissions across the building elements, contributing approximately 48% to total embodied GHG
emissions; the load bearing structure contributes approximately 26%; the floor structure and outer roof
contribute approximately 10% equally; while groundwork, foundations, and inner walls contribute
the least. A breakdown of embodied GHG emissions by each building element is shown in Figure 8.
Outer walls and load-bearing structures are main drivers for high embodied GHG emissions because
they constitute the main construction elements of the building and use materials with high embodied
GHG emissions such as reinforced concrete and steel.

Table 4. GHG emissions per building element and the proportion that they constitute.

Life Cycle Module A1–A3 Life Cycle Module B4 Life Cycle Module A1–A3, B4

CO2eq Emissions

(kgCO2eq/m
2·a)

Percentage
(%)

CO2eq Emissions

(kgCO2eq/m
2·a)

Percentage
(%)

CO2eq Emissions

(kgCO2eq/m
2·a)

Percentage
(%)

Groundwork,
foundations 0.58 3.56 0 0 0.58 2.67

Load bearing structure 5.65 34.61 0 0 5.65 25.98
Outer walls 6.19 37.92 4.17 77.13 10.37 47.68
Inner walls 0.60 3.69 0 0 0.60 2.76

Floor structure 1.68 10.29 0.47 8.77 2.16 9.93
Outer roof 1.62 9.92 0.76 14.10 2.38 10.94

Total 16.34 100 5.41 100 21.75 100

Figure 8. Comparison of embodied GHG emissions by building elements.

5.2.2. Embodied GHG Emissions by Construction Materials

Figure 9 shows the embodied GHG emissions by major construction materials. The blue
histogram represents emission results from material production phases (A1–A3) of each material

80



Sustainability 2020, 12, 1704

and the proportion they constitute out of all the materials, while the orange histogram represents
emission results from the material replacement phase (B4). By analyzing the blue histogram, the
highest GHG emissions are generated from three types of construction materials—concrete, steel,
and insulation materials—contributing nearly 71% totally to GHG emissions of material production.
Of these emissions, more than half (ca. 52% total) are generated from concrete and steel materials,
which are the design drivers. For an HSRS building, a large waiting room space means a large span
and greater height. The former requires higher structural strength and will lead to high use of steel
material from steel roof and reinforced concrete structure, such as load bearing (architectural beam
and column). The concrete consumption will increase to support the greater height as well.

However, when comparing the GHG emissions that belong to material replacement (see orange
histogram in Figure 9), a big difference in trend can be found, as follows: the high GHG emissions
of material replacement are mainly from three types of construction materials—insulation material,
windows, and plaster—among which insulation material is the design driver. This distribution is
caused by the lower service life of these materials: 25 years. Thus, during the buildings’ 50-year life
span, insulation materials, windows, and plaster are required to be replaced once. If comparing the
total embodied GHG emissions (A1–A3, B4), the insulation emission would be much greater than that
of other materials.

Figure 9. Level of material inventory detail and comparison of embodied GHG emissions.

5.3. Reduction Strategies of Life Cycle GHG Emissions

The case originally aimed at evaluating LCCO2eq to extract design drivers and influences. It is
believed that high emissions are affected by three aspects of buildings: space, envelope, and materials.
Due to stringent energy requirements of design standard and energy efficiency improvement [38], the
reduction possibilities in operational energy emissions by means of an energy system are obvious.
The building energy consumption of the case study, indeed, is lower compared to that of other
conventional railway station buildings [20], mainly due to the usage of the high performance system
heat pump. However, in this article, the main attention has been paid to the building performance
at the design level (or, passive strategies) rather than service systems such as HVAC. A building
envelope—especially outer wall, roof, and glass curtain wall—has an impact on the energy performance
of buildings and the main building elements for GHG calculation. Therefore, for an HSRS building as
specific typology, reduction possibilities and potentials of LCCO2eq should be identified on building
space, building envelope, and material, as the scope of design strategies.

5.3.1. Reduction Strategies of Operational GHG Emissions

Optimizing Building Space

The space of Case-TJS was optimized in two ways: changing the height and area of the waiting
room. The height of the west wing building was reduced from 30 m, 25 m, to 20 m, itemized as strategy
H1, H2, and H3, respectively. The operational GHG emissions decrease by 15.7% and total LCCO2eq

decreases by 15.0% from strategy H1 to H3. Embodied GHG emissions decrease by up to 12.3% and see
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a significant reduction. This is because, with the decline of the building height, the enclosed volume
to use energy for heating and cooling is reduced. Meanwhile, fewer materials of outer walls and
the load bearing structure are consumed. The area of the waiting room was reduced from 2346 m2,
1313 m2, to 657 m2 through functional adjustment, itemized as strategy A1, A2, and A3, respectively.
It also resulted in more enclosed space being opened without heating and cooling for passengers going
through the building to the platform in half an hour. Due to the fact that the area of the waiting room
is determined by the maximum number of passengers (H), this change assumed that 0%H, 36%H, and
72%H can check in directly, while others remain in the enclosed waiting room. Although embodied
GHG emissions remain unchanged, the operational GHG emissions decrease greatly, by up to 24.8%,
leading to a decrease in the total GHG emissions by 20.1%.

Optimizing Building Envelope

The design variables are quantified using a computational tool, combining options into 256 samples
(4 × 4 × 4 × 4). From the SA results shown in Table 5, it can be determined that the glazing type has the
most correlative influence on operational GHG emissions, with the largest SRC value, followed by
external walls and outer roof constructions. By linear regression analysis results together with SA,
deterministic coefficient adjusted R2 of regression equation reaches 0.97, which indicates that there is a
strong linear relationship between design variables and operational GHG emissions. After correlation
and regression analysis, glazing type was selected as an optimal design variable of envelope to make
changes for emission reduction. The double low-E glazing type of curtain walls (8 + 12Air + 8) and
windows (6 + 9Air + 6) was changed in the case building to double low-E coated glazing (6 + 12Air + 6)
and double low-E insulated glazing (6 + 12Argon + 6), with different specific parameters (U-value,
Solar Heat Gain Coefficient—SHGC), itemized as strategy UG1, UG2, and UG3. As a result, the impacts
decrease by 7.7% during the operational phase from strategy UG1 to UG3 because of the change
with high performance and low emissivity materials. Embodied GHG emissions decrease by 6.8%.
In addition, an optimal solution is taken from the samples simultaneously (see Table 5), which could
be used in the comprehensive comparison of different optimization scenarios with multiple strategies.

Table 5. Design variables matrix for SA, SRC values, and optimal solution.

Design Variables Range/Values
Number of Design

Options
SRC Value

Case
Building

Optimal
Solution

1
External wall construction

(insulation thickness)

0.5 cm (U = 0.56 W/m2·K) 4 options 0.42
1.0 cm (U = 0.42 W/m2·K) • *
2.0 cm (U = 0.27 W/m2·K)
3.0 cm (U = 0.20 W/m2·K) •

2
Outer roof construction
(insulation thickness)

0.5 cm (U = 0.64 W/m2·K) 4 options 0.39
1.0 cm (U = 0.33 W/m2·K) •
2.0 cm (U = 0.17 W/m2·K) •
3.0 cm (U = 0.12 W/m2·K)

3
Glazing type

(U-value)

Double low-E insulated glazing
(U = 1.4 W/m2·K, SHGC = 0.30) 4 options 0.87 •

Double low-E coated glazing
(U = 1.7 W/m2·K, SHGC = 0.50)

Double low-E glazing
(U = 2.2 W/m2·K, SHGC = 0.63) •

Double clear float glazing
(U = 2.8 W/m2·K, SHGC = 0.70)

4
Local shading

(projection louver)

0 4 options 0.19 •
0.5 m
1.0 m
1.5 m •

* dot denotes the corresponding value in “Range/values” column that was used in case building or selected in
optimal solution.

5.3.2. Reduction Strategies of Embodied Emissions

Construction materials could be optimized with regard to embodied emissions, by alternative
building design and material solutions. In life cycle GHG calculations, it is assumed that material
alternatives only change emission data or the service life of materials, while technical properties such
as load bearing capacity and thermal performance remain the same as before.
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Substitution of Construction Materials

The above analysis reveals that concrete and steel are the main contributors for embodied GHG
emissions from materials. No recycled or reused materials are used in reality, itemized as strategy S1

for comparison. In reduction strategies, low embodied carbon materials are chosen. As a reference,
railway stations can be evaluated at a good level in material utilization if the percentage weight of
recycled and reused materials is more than 20% of that of total construction materials [60]. To reach
the 20% target, recycled aggregate concrete and recycled steel were substituted for 30% of reinforced
concrete and structural steel in the case building, itemized as strategy S3. It represents the weight
of recycled aggregate concrete and recycled steel, constituting 20% of the total amount of concrete
and steel. In addition, 15% of reinforced concrete and structural steel were substituted by recycled
aggregate concrete and recycled steel, itemized as strategy S2. Incorporating the recycled concrete and
steel in calculations can help reduce embodied GHG emission impacts arising from materials, although
there is little influence on total GHG emissions (a 0.7% reduction).

Service Life Extension of Insulation Material

Maximizing the use of materials can reduce the number of times replacements are required
during building operation; therefore, it has a great effect on replacement. The service life of insulation
increased from 25 years to 35 years and 50 years compared to the case building, itemized as strategy
E1, E2, and E3. The result reveals that embodied GHG emissions greatly decrease up to 15%, while
total GHG emissions reduce by 2.8% after extending the service life of materials from 25 years to 50
years. Single strategies optimized in the case building and GHG emissions are presented in Table 6
and the histogram given in Figure 10.

Table 6. Single strategies optimized in the case building and GHG emissions (kgCO2eq/m2·a).

Single Strategies
Embodied GHG Emissions Operational

GHG Emissions
Total Life Cycle GHG

EmissionsModule A1–A3 Module B4 Total Modules

Case building (H1/ A1/ UG1/ S1/
E1) 16.34 5.41 21.75 93.73 115.48

H2 = 25 m 15.58 5.06 20.64 83.54 104.18
H3 = 20 m 14.63 4.45 19.08 78.98 98.06

Reduction (%) * −10.5% −17.7% −12.3% −15.7% −15.0%
A2 = 1313 m2 16.34 5.41 21.75 76.39 98.14
A3 = 657 m2 16.34 5.41 21.75 70.46 92.21

Reduction (%) * - - - −24.8% −20.1%
UG2 = 1.7 W/m2·K 15.79 4.86 20.65 90.15 110.80
UG3 = 1.4 W/m2·K 15.60 4.67 20.27 86.51 106.78

Reduction (%) * −4.5% −13.6% −6.8% −7.7% −7.5%
S2 = 15% recycled concrete + steel 15.93 5.41 21.34 93.73 115.07
S3 = 30% recycled concrete + steel 15.52 5.41 20.93 93.73 114.66

Reduction (%) * −5.0% - −3.7% - −0.7%
E2 = 35, service life 16.34 5.41 21.75 93.73 115.48
E3 = 50, service life 16.34 2.15 18.49 93.73 112.22

Reduction (%) * - −60.2% −15.0% - −2.8%

* denotes the GHG emissions reduction (%) of building optimized by single strategies (H3, A3, UG3, S3, E3) compared
to the reference (H1, A1, UG1, S1, E1) in each column.
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Figure 10. GHG emissions of case building with different single strategies.

5.3.3. Reduction Potential Analysis of Life Cycle GHG Emissions

In order to evaluate the reduction potential comprehensively, three optimization scenarios with
multiple strategies were proposed under new simulation and calculation: space, envelope, and material
optimization. Space optimization corresponds with the optimal single strategy such as H3 and A3 that
were integrated in the case. Envelope optimization corresponds to an optimal solution in Table 5 that
was integrated in the case. Optimal single strategy S3 and E3 were integrated as material optimization.
Figure 11 shows the annual operation energy use in all three scenarios. In scenario 1, the operational
energy use of the case building was reduced to 50–60 kWh/m2·a, which is close to the median value
in offices or schools shown in Figure 1. A comparison was made between the total GHG emission
results of optimization scenarios, as summarized in Table 7. Taking the origin case as a reference, it
can be seen that space optimization has the greatest reduction potential of total GHG emissions, with
a reduction percentage of 28.2%. There are fewer changes relatively in total GHG emissions under
material optimization, but it contributes to a 3.5% reduction. In this study, if these three optimizations
are all integrated into the case with model adjustments and updated parameters, the total GHG
emissions will decrease up to 33.8% after recalculation.

Figure 11. Annual operation energy use in all three scenarios (kWh/m2·a).

84



Sustainability 2020, 12, 1704

Table 7. Summary of the life cycle GHG emission results of different optimization scenarios
(kgCO2eq/m2·a).

Space Optimization
(H3, A3 in Table 1)

Envelope Optimization
(Optimal Solution in Table 1)

Material Optimization
(S3, E3 in Table 1)

A1–A3 14.63 15.60 15.52
B4 4.45 4.67 2.15
B6 63.80 80.01 93.73

Embodied GHG emissions 19.08 20.27 17.67
Total GHG emissions 82.88 100.28 111.4

Reduction (%) * –28.2% –13.1% –3.5%

* denotes the reduction value (%) of total GHG emissions in optimization scenarios compared to the reference value
(115 kgCO2eq/m2·a).

There are key reductions in operational GHG emissions when space form varies, indicating that
optimizing building space has great potential for reducing energy associated GHG emissions, especially
by reducing the area of enclosed waiting rooms. Improving the waiting behaviour of passengers
is significant for emission reduction on the assumption that more passengers can check in directly.
The result is consistent with the previous study [61], which indicates the key link between the operation
phase and emissions reduction for similar large space public buildings such as museum buildings
in China. Compared with a Swedish HSRS building [27], the result is reversed: construction and
maintenance are more dominant in GHG emissions, while operation gives just a small contribution
as a result of used green electric power. Therefore, it is meaningful to study HSRS buildings in
different regions.

It should be noticed that the linear relationship between operational GHG emissions and area is
not evident, as investigated in [16] the regarding correlation between energy consumption and station
area. In energy simulations of this study, energy use from the waiting room accounts approximately
for 60% of total energy consumption from all operating rooms. Although the energy use of the waiting
room could greatly decrease, the energy consumed in other rooms including the booking hall, offices
and commercials remains unchanged. Lighting and DHW constitute 36% in annual operational energy
use, but they are not sensible when waiting room area changes are a necessary service for passengers
in semi-open areas. This is why operational GHG emissions reduce only by 24% when the area of the
waiting room reduces drastically from 2346 m2 to 657 m2 by 72%.

Another focus should be on using low emissivity and high performance materials/components,
e.g., glazing type. In terms of embodied GHG emission reduction, extending the service life of
insulation material contributes the most, followed by optimizing space. Using recycled concrete and
steel has a relatively minimal impact. In practice, recycled materials are usually insufficient and the
amount for substitution is limited. In order to minimize embodied GHG emissions, efforts should
be made to choose robust insulation materials (i.e. longer service life) and to reduce the amount of
materials. Recycled concrete and steel with low emissions could also be used to make contributions
more or less.

In three scenarios, space optimization can greatly reduce operational as well as embodied GHG
emissions, indicating the significance of space design in emission reduction during the architectural
design process. The reduction potential of total GHG emissions from envelope optimization comes
from the performance improvement in terms of thermal properties and low emissivity. However,
this improvement is limited because newly built HSRS buildings have up to or over the required
standard values on envelope [38], whereas stricter performance costs more. Generally, compared to the
innovative incorporation of state-of-the-art materials and technology to drive down emissions relating
to the operational phase, the process of space optimization in buildings is deemed time saving and is
economically applicable.

As life cycle GHG emissions calculations are developed, the robustness of these results against
uncertainties should be noticed. The choice of electricity grid factor has a large influence on operational
GHG emissions. If assuming factor value of the current grid of 0.361 kgCO2eq/kWh in the EU [62], the
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operational GHG emissions could be close to the embodied GHG emissions. The future studies should
test different scenarios with the decarbonization of the electricity grid over building lifespan. The life
cycle analysis presented in this study also involves a number of simplifications and generalisations.
The emission factors of construction materials use generic data from standard and research databases,
although these factors may vary in a specific practice. The construction materials have been limited
to civil engineering excluding building services. Results are therefore discussed for these specific
contexts. Although simplified, this framework of analysis is nevertheless representative for most of
the medium-sized HSRS buildings in the cold zone.

The proposed BIM-LCA method connects LCA with BIM and comprehensively applies different
software for study systematically, however, there are some limitations. Although the simulation
software DesignBuilder has improved abilities to analyze the Revit models, some incompatibility
problems occur, especially when the model is established in a more complex way. Non-linear geometric
primitives should be simplified. For the Case-TJS, most of the origin components in the Revit model
have been imported into Designbuilder for smoother energy analysis, which plays a positive role in
the BIM-LCA method.

6. Conclusions

Previous research usually does not pay sufficient attention to HSRS buildings from the direct
perspective of life cycle GHG emissions and how to reduce GHG emissions. Therefore, this article
set out to evaluate and present the life cycle GHG emissions (LCCO2eq) of an HSRS building in a
cold zone, China to extract the design drivers in terms of operational and embodied GHG emissions.
Design drivers and reduction strategies were examined in order to assess their potential as strategies
for reduced GHG emissions from a functional and architectural point of view. This paper proposed a
detailed methodology for the development and assessment of emission reduction strategies through
LCA, combined with BIM technology. The Case-TJS, a medium-sized HSRS building, was selected as a
representative example for a case study. This study comes to the following conclusions:

(1) Emission reduction measures in an HSRS building should focus more on space design in the
early stage of architectural design. Although the GHG emission mitigation strategy related to
the substitution of materials presents the lowest potential for total GHG emissions reduction,
significant embodied emission reduction can be achieved by choosing insulation materials with
longer service life.

(2) The LCCO2eq of an HSRS building for design analysis were assessed using 3 system boundaries:
life cycle modules A1–A3 and B4 for the production and replacement of building materials, and
life cycle module B6 for operational energy use. The BIM-LCA approach shows how modelling
tools help analysis identify in GHG reduction strategies in complex buildings such as HSRS.

(3) The main objective of the GHG reduction strategies in HSRS buildings is to minimize the total GHG
emissions related to operational energy and, ultimately, the embodied emissions from materials.

(4) The drivers for the highest embodied GHG emissions were from concrete, steel, and insulation
materials used in the main load bearing structures and outer wall components.

In summary, this paper contributes to research by identifying strategies to reducing GHG emissions
with a focus on the HSRS building typology which is a particular type of large space public building
in China. It is anticipated that the research results that might significantly reduce GHG emissions
in HSRS buildings would have a positive impact on the mitigation of current climate change effects.
The results for GHG emissions and reduction strategies also provide guidance to help inform design
and construction decisions of similar projects and large space public buildings.
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Abstract: Building lifetime and stock turnover are both key determinants in modelling building
energy and carbon. However in China, aside from anecdotal claims that urban residential buildings
are generally short-lived, there are no recent official statistics, and empirical data are extremely
limited. We present a system dynamics model where survival analysis is used to characterise the
dynamic interplay between new construction, aging, and demolition of residential buildings in
urban China. The uncertainties associated with building lifetime were represented using a Weibull
distribution, whose shape and scale parameters were calibrated based on official statistics on floor
area up to 2006. The calibrated Weibull lifetime distribution allowed us to estimate the dynamic stock
turnover of Chinese urban residential buildings for 2007 to 2017. We find that the average lifetime
of urban residential buildings was around 34 years, and the overall residential stock size reached
23.7 billion m2 in 2017. The resultant age-specific sub-stocks provide a baseline for the overall stock,
which—along with the calibrated Weibull lifetime distribution—can be used in further modelling and
for analysis of policies to reduce the whole-life embodied and operational energy and CO2 emissions
in Chinese residential buildings.

Keywords: building stock; survival analysis; lifetime distribution; system dynamics

1. Introduction

As the largest energy consumer and CO2 emitter worldwide [1–4], China’s progress along a
low-carbon development pathway has a significant impact on global efforts towards climate change
mitigation. For the building sector, China is a major driving force of energy and emissions growth.
According to the World Energy Outlook [5–8], final energy consumption of buildings in China increased
by approximately 53% from 1990 to 2012, when China (480 million tonnes of oil equivalent, Mtoe)
overtook the US (464 Mtoe), becoming the world’s largest building energy consumer. By 2014, buildings
in China were consuming 529 Mtoe, representing 18% of the total energy demand of buildings globally.
Underlying the continued and rapid increase of building energy consumption in China are the
increasing population, rapid urbanisation and consistently strong economic growth that have been
driving the expansion of building floorspace and demand for energy services and thermal comfort
in buildings [9]. Over the past decade, between 2.4 and 3.4 billion m2 of new building floor area
were constructed every year [10]. By 2015, the stock was estimated to have reached 57.2 billion m2,
representing 25.6% of global total building floor area (223.4 billion m2) [11]. The expansion of building
stock far outpaced the energy efficiency improvement gained from more stringent building design
standards and enhanced performance of building service systems and equipment, thereby leading to
continued increase in total energy consumption [12–14]. This presents a critical challenge to the Chinese
government’s pledge to peak its overall emissions by 2030 [15,16]. Strategically, China’s building
sector needs to undergo a transition towards low-carbon development whereby the increase of annual
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building energy consumption and emissions begins to decelerate. This challenge urgently calls for a
sector-specific policy and regulatory framework governing the envisaged sector-wide transformation.

To inform policies, it is essential to have a holistic and in-depth understanding of the current status
of the existing building stock, which will serve as the baseline for assessing possible future energy and
carbon trajectories under various policy scenarios. This is problematic in the Chinese context not only
because of the magnitude of the building stock, but also because of the lack of authoritative official
statistics. The latest publicly accessible statistics on urban residential building stock were published in
the China Statistical Yearbook in 2006. Therefore, forecasting possible trajectories of building stock
expansion and the associated energy and emissions for the future starting from 2019 will first and
foremost require estimating how the building stock has evolved over the period from 2006 to 2018.
The evolution and expansion of the building stock is driven by the dynamic interplay between new
construction, meeting incremental demand growth as a result of economic growth and rising living
standards, existing buildings remaining in use but undergoing an ageing process, and old buildings,
which are either physically demolished or functionally disused.

Building lifetime is a critical factor in the dynamic relationship between old and new buildings in
the stock. In the Chinese context, it has been suggested that the average lifetime of buildings is as short
as 25–30 years in urban areas and 15 years or even less in rural areas [17–20]—significantly shorter
than buildings in developed countries [21,22]. The short lifetimes are due to various factors, including
quality of building materials, design standards, construction techniques and practices, maintenance
and renovation, inappropriately accelerated demolition as a result of rapid urbanisation and city
rebuilding, etc. [23,24].

The high “turnover” rate reflects the fact that the building stock is being constantly rapidly
replenished as a result of old buildings with short lifetimes being removed and new buildings
being constructed to meet demands, as well as the great complexity and uncertainty associated with
building-stock characteristics. These have significant implications for stock-wide energy use and
emissions over the medium- to long-term. On the one hand, a faster turnover rate would imply
that the Chinese residential building stock is less prone to the risk of operational energy and carbon
“lock-in” [22,25–28] compared to its counterparts in other countries with longer lifetimes and thus
slower turnover rates. On the other hand, however, turnover has significant implications for building
energy from a lifecycle perspective. Massive construction and demolition require significant amounts of
energy for building materials production, construction activities, demolition and disposal, collectively
known as “embodied energy” [29]. From 2004 to 2012, the embodied energy of buildings in China
steadily increased [30], reaching 455 Mtoe in 2013, and accounting for 16% of China’s total primary
energy consumption [14]. This is comparable in size to the 529 Mtoe used in operational energy in
existing buildings in 2014. The considerable impact of embodied energy and carbon due to building
stock turnover must therefore not be overlooked in the decision-making process for sustainable
design, construction and use of buildings in order to make real reductions in greenhouse gas (GHG)
emissions [31].

The two conflicting arguments suggest the need for some sort of trade-off, but both clearly
demonstrate that building stock turnover is key to understanding total life cycle energy impacts from
buildings. Building lifetime is a determinant factor underlying the dynamics of building stock turnover.
We therefore present a system dynamics model to calibrate residential building lifetime in China and
estimate the stock size and age profile for the recent historical period of 2007 to 2017.

The rest of the paper is organised as follows. Section 2 presents a review of literature closely
relating to Chinese building stock, identifies some common issues associated with the methodological
approaches taken and justifies the relevance of the present study. Section 3 introduces the methodological
framework, which is followed by Section 4 dedicated to conceptualising and developing the model
structure and discussing the empirical data needed to parameterise the model. In Section 5, the modelling
results are presented and compared with other studies. Section 6 discusses potential applications of the
model to the whole-life energy and carbon of buildings and draws some conclusions.
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2. Literature Review

Whilst the building stock has a fundamental impact on macro-level energy consumption and
carbon emissions with significant policy implications, studies investigating the complexities and
dynamics of building stock appear to be rather limited—substantially less than the wide range of
studies at the individual building level.

One of the first simplified models of the Chinese building and infrastructure stock was developed
by Yang and Kohler [23], who set 2005 as the base year. The existing stock in 2005 was set as the initial
stock, which included buildings built between 1978 and 2005, and was assumed to be composed of
several age cohorts. For buildings built from 2005 onwards, a cohort-based approach was applied
to define the average age of buildings to model the stock evolution during the period from 2005 to
2050 on a five-year basis. While their model did not explicitly represent the dynamically aging process
of buildings, Yang and Kohler [23] pointed out the considerable influence of the probable lifespan of
buildings on future mass flows and environmental impacts. Similar to Yang and Kohler [23], a static
approach was taken by the High Efficiency Buildings model developed by the Centre for Climate
Change and Sustainable Energy Policy, known as the 3CSEP-HEB model [32]. Their model assumed the
Chinese building stock had an annual demolition rate of 0.5% and a retrofit rate of 1.4%, which implied
a homogeneity of Chinese buildings in terms of lifetime.

Taking a more dynamic perspective, Hu, Bergsdal, et al. [18] analysed the Chinese building
stock by assuming a normal distribution function for building’s lifetime. The size of building stock
was estimated using population and per-capita floor area sourced from China Statistical Yearbooks.
The authors explored various scenarios of future demand for building materials such as steel and
concrete for Chinese residential buildings, both at the national level [33] and at the city level [34]. In
fact, the study by Hu, Bergsdal, et al. [18] appears to have been the first attempt to apply the concept
of lifetime distribution to the Chinese building stock. For example, drawing from the work by Hu,
Bergsdal, et al. [18], Huang et al. [35] carried out a similar study investigating the materials demand
and environmental impact of buildings, where it was assumed that the lifetime of concrete buildings
is normally distributed, assuming an average lifetime of 30 years for brick-concrete buildings and
40 years for reinforced concrete buildings. In Hong et al. [36], the same methodological approach was
applied to develop a building stock turnover model underlying the projected trajectories of demand
for building materials and the corresponding embodied energy over the period from 2010 to 2050.
Both residential and commercial buildings were assumed to follow normal distributions in terms
of their lifetimes, with the standard deviation being set to be 1/3 of the average lifetime. Similarly,
investigating the impact of technical progress and the use of renewable energy in the building sector
over the period from 2010 to 2050, Shi et al. [37] applied the China TIMES model and represented the
lifetime distribution of buildings using a normal distribution. In these studies, historical per-capita floor
area was sourced from China Statistical Yearbooks to derive possible future trajectories of per-capita
floor area and overall floor area.

It is noteworthy that the use of historical per-capita floor area published in past China Statistical
Yearbooks used in building stock and energy modelling has also been common in previous studies
that were less explicit or dynamic, often where buildings were one component of a much larger model.
For example, the residential building sector in the China End-Use Energy Model developed by the
Lawrence Berkeley National Laboratory used per-capita floor area from the Yearbooks to estimate
the overall stock size and develop a 2050 outlook for energy and emissions [38–41]. Yu et al. [42]
studied the potential impacts of alternative building energy code scenarios on building energy use and
associated emissions in China, using a detailed building energy model nested in the Global Change
Assessment Model (GCAM) long-term integrated assessment framework [43]. In their model, Yearbook
data on per-capita floor area were used to calibrate the modelling of floor area expansion before
2010, and it was assumed that buildings would retire at an annual rate of 1/30 of the remaining stock.
Delmastro et al. [44] developed the Energy for Buildings (EfB) model as part of the Energy Demand
Projection Model for China (EDPM-CN) to analyse the residential energy consumption trends up to
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2030 under various technological and policy scenarios. Along with other drivers of energy demand in
their model, the historical per-capita floor area published in the Yearbooks was a key variable. Similarly,
to explore various scenarios of carbon emissions from Chinese buildings through 2050, Yang et al. [45]
applied a grey modelling technique based on the historical per-capita floor area data published in past
China Statistical Yearbooks to forecast the future trend of building stock size for the period up to 2020
and scenario analysis for the period beyond 2020.

Essentially, there are three main methodological concerns associated with previous research:
(i) arbitrary choice of mean and standard deviation; (ii) ambiguity associated with existing building
stock size and age profile in the start year for the modelling; and (iii) use of per-capita floor area data,
leading to inflated estimates. Firstly, the few studies using a distribution to represent the lifetime of
buildings assumed that building lifetime is normally distributed. For a substantially under-researched
area, as discussed below in Section 4.2, there will inevitably be multiple approaches that could be
taken, and a normal distribution is not unreasonable. However, what is more critical and potentially
questionable is the approach of defining the parameters of the normal distribution without validation
or calibration using empirical data. In previous studies, the mean representing the average building
lifetime was assumed to take values in the range of 30–50 years. Furthermore, the standard deviation
was commonly assumed to be 30% of the mean. The range of values for the mean was based on
anecdotal evidence drawn from limited or individual cases. Moreover, the assumption used for
the standard deviation was purely arbitrary. Taken together, these parameters specify inadequately
substantiated shapes of the distributions that govern the lifecycle of buildings, thereby rendering
high uncertainties of the building stock turnover and calling into question the calculations of energy
consumption and carbon emissions that build on the stock turnover dynamics.

In addition to the somewhat arbitrary parameters used in the distributions, there is a general
absence of detail on how the initial stock in the start year of the observation period is treated in the
models. Regardless of which specific year is chosen as the start year for modelling, the size of the
existing stock in that year and especially the age profile of the buildings are key determinants of
the subsequent evolution of the stock. For a given stock size with a pre-defined normal distribution
governing the lifetime distribution (e.g., a mean value of 50 and a standard deviation of 15), the age
profile of the existing buildings in the stock makes a significant difference in the remaining lifetime of
buildings and the overall size of the stock. As an extreme example, an age profile with over 90% of
buildings younger than 30 years means the stock will remain standing much longer than an age profile
with over 90% of buildings older than 70 years. Moreover, the removal of buildings from the stock to a
large extent determines the incoming new buildings which will then be subject to various probabilities
of demolition over time. Hence, the age profile in the initial stock technically has a knock-on effect
on stock evolution over time. Of course, such effects may be marginal for a very small initial stock
in a start year that is several decades ago if the modelling focus is on current status or future trends.
However, for an initial stock in a fairly recent year (e.g., 2010 in the case of [37] and [36]), its overall
size is large and comparable with the stock size for the modelling period. The composition of the stock
in terms of building age profiles cannot be overlooked. In fact, the simplified model by Yang and
Kohler [23] was the only one we could find which explicitly but briefly introduced how the initial stock
in the base year was treated in the modelling. However, the lack of sufficient quantitative detail makes
it difficult to gain a full understanding of their considerations and therefore evaluate the implications
for modelling results relating to not only stock itself but also energy. In summary, a review of these
studies suggests that there has been a general inadequacy of robustness and transparency with regard
to applying a normal distribution to building stock.

Finally, directly using the per-capita floor area for urban residential buildings as published in the
China Statistical Yearbooks leads to substantially inflated estimates of building stock size. The annual
data reported in the yearbooks, supplied by the Ministry of Housing and Urban-Rural Development
(MOHURD), was collected through sampling targeting urban family households with a registered
permanent residence. The sampling excluded urban dwellers without permanent residence status,
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such as university students and young professionals recently graduated from universities who usually
have so-called “collectively registered” status, as well as a large number of unregistered rural migrant
workers living in cities. As opposed to the registered family households, they are not “permanent” but
“floating” in that most are not homeowners and instead rent their accommodations. The per-capita
floor area of the floating population is substantially less than that of registered family households,
and their accommodation conditions were not reflected in the sampling [46–48]. This means that the
Yearbook data on per-capita floor area for urban residential buildings has been over-estimated [49,50].
Accordingly, multiplying the over-estimated per capita data by actual urban population data to derive
the total stock size will in no way reflect the real situation. In fact, the real situation in terms of total
stock size of urban residential buildings in China is unknown, at least for the most recent historical
period of 2007 to 2018 (MOHURD stopped publishing official statistics after 2006). The absence of
official statistics makes calibration of model estimates impossible, and therefore at least partially
explains the considerable variation in estimated building stock size over this period as found in
the literature. For example, estimates of the urban residential building stock size in 2010 ranged
from 14 billion m2 [45] to 17 billion m2 [35], 20 billion m2 [18,23], and 21 billion m2 [36]. To obtain
a reasonably accurate estimate of the overall stock size of urban residential buildings, either the
Yearbook data should be adjusted downwards by accounting for the urban population who rent, or
some alternative method of avoiding the use of per-capita floor area.

The problems discussed above suggest a research gap that needs to be addressed. It is not meant
to downplay the value of previous studies which collectively made significant contributions to this
under-researched but fundamentally and strategically important area. Inspired by and building on
previous studies, we propose an alternative method to estimate the Chinese urban residential building
stock. Underlying the estimated stock is a calibrated building lifetime distribution function, which can
serve as the basis for further modelling and policy analysis on building lifetime energy consumption
and carbon emissions.

3. Methodology

We used system dynamics to model the stock turnover of urban residential buildings in China.
System Dynamics is a modelling paradigm focusing on dynamic complexity arising from the structure,
feedbacks, non-linearity and time lags of the system in question [51–53]. The model was developed
and implemented using Vensim, a commercial software for System Dynamics modelling [54], as well
as using the R statistical computing and graphics environment [55]. The model presented here treats
building stock evolution as a continuous process of introducing new cohorts which age over time,
capturing the dynamic interplay between new construction, operation and demolition. Building
lifecycle is regarded as a survival process subject to various factors. Demolition of buildings is
modelled as a stochastic process based on a hazard function derived from a Weibull distribution, whose
parameters were estimated using historical data relating to building stock.

4. Model Development

4.1. Dynamics in Building Demolition

A fundamental consideration of dynamic building stock is that future development is strongly
influenced by past activities. In particular, building demolition activities are likely to be a function
of construction activities in previous years and the expected lifetimes of buildings in use. By the
end of a year, the total volume of demolition will be the sum of all existing buildings constructed in
previous years that have reached the end of their lifetimes, for whatever reasons, in this particular
year. Similarly, the buildings remaining in the stock are those which are either newly constructed
in this particular year or those which were previously constructed but have not reached the end of
their lifetime. We acknowledge that a building may be disused functionally but still not demolished
physically. Since the ultimate interest of modelling building stock turnover is in energy consumed by
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buildings, a functionally disused building no longer consumes energy and therefore was considered
equivalent to a physically demolished building from an energy perspective. Hence, in the rest of this
study, demolition and disuse are used interchangeably.

There could be various factors which accelerate demolition. While the degrees to which different
factors play out are context specific and therefore may differ significantly, the explicit direct result is a
fast “turnover” of building stock. Therefore, building lifetime is critical to the turnover dynamics of
building stock. There is often a lack of authoritative statistics relating to building lifetime, particularly
in developing countries. At the country level, given the huge volume of buildings and significant
heterogeneity in terms of their physical characteristics and socio-economic contexts, it would be highly
unrealistic to expect that buildings constructed and put into use in various cities across a country in a
given year would be in service for exactly the same period and then demolished/disused simultaneously.
Hence, it would be inappropriate to use a constant to represent building lifetime. As an intuitive and
reasonable alternative, a profile in some form of probability density function (PDF) can be used to
approximate the likely lifetime distribution of buildings constructed in a given year, so as to recognise
and represent the uncertainties associated with the factors collectively influencing lifetime of buildings.

Mathematically, for any year t, the amount of demolition is the integral of the new construction
in year s weighted by the probability of the new construction in year s having a lifetime equal to
(t − s) years. That is to say, those buildings constructed in year s with a lifetime of (t − s) years will
have reached the end of their lifetime and therefore will have been demolished or disused in year t.
Interpreted in another way, the curve expressed by (1 − the cumulative distribution function (CDF) of
the lifetime profile) represents the probability that a building constructed and put into use in year s
remains in use in year t.

Demolition(t) =

∫ t

t0

p(t− s)Construction(s)ds (1)

In year s, the building stock accumulates the difference between new construction as input and
demolition as output. The accumulated difference is the buildings that remain in use in year t. In the
most simplistic situation where the stock is initially empty and new buildings are constructed in base
year t0 only and not in any following years, the stock in year t is a mix of buildings belonging to this
same cohort, which is the group of buildings built in the same year, but with different remaining
lifetimes. If new buildings are built every year, then the stock in year t has (t − t0 + 1) cohorts of
buildings. In a more general situation where new buildings are constructed every year and the initial
stock includes existing buildings constructed previously (e.g., for each of the past 10 years before year
t0), then the stock in year t has (t − t0 + 1 + 10) cohorts of buildings.

4.2. Building Survival Analysis

The dynamic lifecycle of buildings suggests the suitability of applying the general framework and
key features of survival analysis to this research. Survival is used to describe a lifespan or a living
process involving sequential occurrences of events or status changes. Survival analysis emphasises
describing, measuring and analysing the events of interest for making predictions about not only
survival itself but also the so-called “time-to-event”, which refers to the length of time until the
occurrence of an event or the change of status [56,57].

As this research targets the Chinese residential building stock, which is on a scale of billions
of square meters, it is worth clarifying that a “building” in this context is taken as a flexible and
continuous aggregation of floor area (measured in square meters) that can be “partially” demolished
or disused, mathematically. The physical demolition or functional disuse of a building designates the
particular “event” of interest, whose time at occurrence is the “time-to-event” in the survival analysis
framework. At a given time, for a building in use, a predicted time in the future at which the building
will be physically demolished or functionally disused means the termination of the survival process of
the building—namely, the end of the building’s life. The corresponding time interval is the expected
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remaining lifetime of the building. If the time at which the building was originally constructed and
put into use is taken as the beginning of the time interval, then the time interval is the expected entire
lifetime of the building. In this context, the expiry of building lifetime due to physical demolition
or functional disuse is modelled as a stochastic process based on a hazard function. Conceptually,
the hazard function represents the conditional probability that a building will expire in year t + 1,
provided that it has successfully survived to year t. Mathematically, the hazard function is the ratio of
the lifetime PDF to the survival function, which is the complement of lifetime CDF.

In general, a range of parametric survival distribution functions are available to describe the
survival process in various fields. However, there is extremely limited literature on survival analysis
or lifetime data analysis of buildings. In probably one of the most relevant studies, Miatto et al. [58]
tested various PDFs and found that lognormal distribution offered the best fit to a large volume of real
data on the lifespans of buildings in Nagoya and Wakayama, Japan, where buildings were short-lived,
with average lifespans shorter than 30 years. The same study also conducted a smaller-scale study on
buildings in Salford, UK, where buildings were much older, and a Gompertz distribution turned out
to best fit the lifespan data. They pointed out that the lack of a proper building cohort dataset was
a fundamental issue facing building material stock accounting, such as building demolition wastes.
From an economic perspective, buildings can be regarded as a type of capital asset, hence building stock
can be regarded as capital stock [59,60]. A range of PDFs have been used as proxies to approximately
represent service lives and retirement/discard patterns of capital stocks in different countries, including
normal, log-normal, Gompertz, Weibull, and Winfrey distributions [59–64]. For example, in the Dutch
survey, information on capital stocks and capital discards was used to compute empirical survival
probabilities of various types of asset and industry—including buildings, which were found to be well
approximated by two-parameter Weibull distributions [60].

We used the Weibull distribution to approximate the lifetime distribution of urban residential
buildings in China. The Weibull distribution has been widely used as the functional form for lifetime
distribution in mortality and reliability applications [60,65,66]. It is defined through a shape parameter
α (α > 0) and a scale parameter λ (λ > 0). Table 1 summarises the key representations of the Weibull
distribution. Specifying any one of the four representations allows the other three to be ascertained.

Table 1. Weibull distribution. CDF: cumulative distribution function; PDF: probability density function.

PDF f (x) =
(
αxα−1

λα

)
e(−( x

λ )
α)

CDF F(x) = 1− e(−( x
λ )
α)

Survival function R(x) = e(−( x
λ )
α)

Hazard function h(x) = α
λ

(
x
λ

)α−1

In the above table, if x is used to represent “time-to-failure”, the Weibull distribution is characterised
by the fact that the hazard function is proportional to a power of time. Hence, the shape parameter α
can be interpreted as a measure of change in the risk of an asset (e.g., a building, failing and therefore
being demolished/disused). For 0 < α < 1, the risk decreases over time, suggesting significant “infant
mortality”. For α = 1, the risk remains constant throughout an asset’s lifetime. For α > 1, the Weibull
distribution exhibits characteristics of decay, where the older the asset is, the more likely it will fail in
the near future. This indicates an “aging” process in which the value of α determines the shape of the
hazard function curve (i.e., the change of failure rate over time) [57,60,65,67–69]. In practice, it would
be more reasonable to expect buildings to have an α above 1 than below 1.

4.3. Model Structure and Components

The shape and scale parameters of the Weibull distribution were calibrated so that the approximated
building lifetime distribution would fit the empirically observed data to the greatest extent possible.
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However, there are no official statistics on building ages in China, and past studies related to building
lifetime in China are limited, as discussed above. Therefore, the calibration was performed by achieving
the best-possible fit of the modelled annual aggregated floor area to the corresponding historical
data on floor area, using the emergent behaviour of the building stock turnover model. To do so,
the building stock in the turnover model was disaggregated into a series of cascading sub-stocks of
buildings forming an “aging chain”, with each sub-stock representing a particular building age group.
The basic mechanism is that, on the aging chain, sub-stock j receives the outflow of sub-stock j − 1 as
its inflow, undergoes an aging process, and subsequently sends its outflow to sub-stock j + 1 (Figure 1).

Figure 1. Basic mechanism of a simple aging chain.

The removal of demolished/disused buildings from each sub-stock is subject to its age-specific
hazard rate, which is determined by the shape and scale parameters of a Weibull distribution. The age
group duration represents the length of time that buildings in use reside in a sub-stock before shifting
to the next sub-stock in the chain (Figure 2). With age group duration set to 1 year, the chronological
aging process is discretised (i.e., each sub-stock represents buildings within a one-year age group—for
instance, 30-year-old buildings are in a different sub-stock than 31-year-old buildings). This level of
granularity offers a detailed representation of sub-stocks characterised by heterogeneity with respect
to age (and energy-related properties, provided that additional layers are added to the model). In so
doing, the aging process of buildings can be separately tracked and allow experimentation with policy
interventions targeting buildings of specific age groups.

Figure 2. Aging chain with explicit modelling of sub-stock specific demolition.

Given that building lifetime in China is generally short, the model uses 101 sub-stocks to respectively
represent 0-year-old buildings, 1-year-old buildings, 2-year-old buildings, and so on. The 101st sub-stock
represents all buildings that are 100 years old or older, but such buildings account for a negligible
percentage of the overall stock of urban buildings in China. Indeed, buildings aged below 40 years
accounted for more than 95% in the total stock of urban residential buildings in 2010 [70]. The schematics
in Figures 1 and 2 were converted to the working model using subscripting techniques. The model
structure was re-formulated to improve representation and analytical convenience. As shown in
Figure 3, the building stock can be viewed as a stack of 101 sub-stocks. For any given year, the total
stock of buildings in use is the sum of the age-specific building sub-stocks, and the total demolition of
buildings is the sum of the age-specific demolitions.
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Figure 3. Aging chain structure in the model.

Subscripts are applied to each sub-stock, to the aging and demolition rates, and to the hazard
profile. The hazard profile consists of age-specific hazard rates calculated from the hazard function.
The numbering of subscripts represents the age of buildings. For example, Building Sub-stock[10]

represents the group of 10-year-old buildings, Demolition[10] represents the demolition and removal
of buildings from Building Sub-stock[10], whereas Aging[10] represents the shift of existing buildings
from Building Sub-stock[10] to Building Sub-stock[11]. Mathematically, the relationships between these
variables are expressed as follows:

Aging[ j] =
Building Substock[ j] −Demolition[ j] ∗ Time Step

Age group duration
, (2)

Demolition[ j] = Building Substock[ j] ∗Hazard pro f ile[ j], (3)

Building Substock[ j] =

{
New construction−Demolition[ j] −Aging[ j], f or j = 0

Aging[ j− 1] −Aging[ j] −Demolition[ j], f or j = 1, 2, . . . 100.
(4)

With the age group duration and time step both set to be equal to 1 year, the aging equation can
be re-written as follows.

Aging[ j] =
Building Substock[ j]−Demolition[ j] ∗ Time Step

Age group duration

=
Building Substock[ j]
Age group duration −Demolition[ j]

= Building Substock[ j] −Demolition[ j].

(5)

This simplified equation, together with the previous equations for building sub-stocks, clearly
show that the aging process is effectively the discrete shift of a group of buildings from age j to age
j + 1, duly taking into account time-varying annual demolition applicable to age j.

Figure 4 illustrates the dynamics of the building aging process. In any year, the entire stock is
composed of 101 building age groups. The flow of buildings through the age groups forms the aging
chain. Year by year, a building gets older and thus “relocates” itself between age groups along the chain,
on the condition that it remains alive. For example, the highlighted blocks show a particular cohort of
buildings constructed in 2019 moving up through the age groups/sub-stocks. Initially, the cohort stays
in age group 0 in 2019, and then moves to age group 1 in 2020, age group 2 in 2021, age group 3 in
2022, and so on. Every year, new buildings are constructed, put in use, and therefore become part of
the total stock, although the rates vary subject to demand driven by socio-economic development and
rates at which old buildings are demolished/disused and consequently removed from the stock. Note
that demolition from each of the 101 age groups is not explicitly shown in order to avoid visual clutter.
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Figure 4. Dynamics of the building aging process.

4.4. Data Sources

Historical data on total floor area of building stock from authoritative sources are limited. The latest
official statistics on total floor area of urban residential buildings across China was 11.29 billion m2

for 2006, published in the China Statistical Yearbook 2007. The source of data was MOHURD. From
2007 onwards, these statistics were no longer published. Prior to 2006, data was provided in the
annual China Statistical Yearbooks and in the Statistical Communique on Urban Housing released by
MOHURD from 2002 to 2005. The earliest year for which data are available is 1978. Data on annual
new construction of urban residential buildings was taken from China Statistical Yearbooks.

The calibration of the shape and scale parameters of the Weibull distribution for building lifetime
was realised by comparing and minimising the difference between the estimated annual total floor area
of urban residential buildings, which is the emergent behaviour of the building stock resulting from
the dynamic process of new construction, aging and age-specific demolition, with the official statistical
data over the historical period through 2006. This method allows parameters governing building
lifetime to be calibrated rather than arbitrarily defined, thereby avoiding relying on the over-estimated
per-capita floor area. Accordingly, the stock turnover dynamics and the resultant annual total floor area
over the period of 2007 to 2017 were estimated using the officially published annual new construction
data over that period and the calibrated Weibull distribution.

5. Results

Using the historical data and stock turnover model, the Weibull distribution was calibrated to have
a shape parameter of 1.47 and a scale parameter of 37.64. Its PDF, CDF and hazard function are shown in
Figure 5. The resultant building lifetime distribution was found to have a mean value of 34.1 years and
a standard deviation of 23.5. This confirms the general observation that urban residential buildings in
China have an average lifetime much shorter than the design lifetime of 50 years. The average lifetime
estimate of 34.1 years is consistent with the assumptions made by previous studies that employed a
normal distribution, which commonly set the average lifetime in the range of 30 to 50 years.

100



Sustainability 2019, 11, 3720

(a) 

 

(b) 

 

(c) 

Figure 5. Weibull distributions calibrated using historical data: (a) PDF; (b) CDF; (c) Hazard Rate.

Due to the lack of official statistics on the annual demolition of residential buildings, it was not
possible to directly cross-validate the modelling result using historical annual demolition data. In an
indirect way, however, comparing the demolition estimated in our study with previous studies provides
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an alternative basis for evaluating the robustness of the modelling approach and the calibrated building
lifetime. According to THUBERC [71], the ratio of aggregated demolished buildings to aggregated
newly constructed buildings over China’s 11th Five-Year Plan Period (2006 to 2010) was approximately
34%. In our study, using the calibrated Weibull parameters in the stock turnover model, this ratio was
found to be 32%—very close to the THUBERC [71] estimate. In absolute terms, annual demolition level
we estimate is of the same order of magnitude as previous studies. For example, for 2010, the annual
demolition was estimated by this study to be 1.49 billion m2, approximately 1.3 billion m2 by [18] and
approximately 1.7 billion m2 by [35]. The difference was due primarily to different settings of lifetime
distribution parameters.

Our modelling results suggest a continuously increasing trend of the overall stock size of urban
residential buildings, increasing by 33.1% over 8 years from 17.8 billion m2 in 2010 to 23.7 billion m2 in
2017. Figure 6 compares the stock size of residential buildings in this study and that of the Annual
Report on China Building Energy Efficiency [72] for 2010–2017. The Annual Report was developed by
the leading research institution, the Tsinghua University Building Energy Research Centre (THUBERC),
as part of a larger consultancy project funded by the Chinese Academy of Engineering, and is widely
recognised as an authoritative report on building energy in China. As shown in Figure 6, the differences
were consistently marginal, supporting the validity of the assumptions that were fed into our model.

 
Figure 6. Comparison of residential stock size between this study and Tsinghua University Building
Energy Research Centre (THUBERC) [72].

However, compared to the Annual Report, which only gives the total stock size, our model
offers additional insights into the residential buildings in the form of the explicitly modelled building
aging process. The total stock of residential buildings in each year is disaggregated into age-specific
sub-stocks, each of which goes through an aging process subject to age-specific demolition probability
estimated by the Weibull lifetime distribution (Figure 7). For each year, new buildings constructed
in that year and existing buildings that remain in use in that year are spread across the age range,
collectively creating the age profile of all buildings in that year. For subsequent year, the age profile
changes due to new construction, aging and demolition. These on-going dynamics, which result in the
turnover of the overall residential stock, are fully captured in our model. In addition, whereas the
now-outdated Annual Reports provided an overview up to that given year (2006 or earlier), the Weibull
lifetime distribution in our model serves as an avenue through which possible future stock turnover
trajectories can be modelled. For example, given the total size and age profile of the 2017 stock, the 2018
stock can be estimated using the new construction in 2018 and the removal of existing buildings based
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on their respective age-specific demolition probabilities. The same logic applies going forward, where
the interaction between new construction and demolition and trends in per-capita floor area will drive
the growth dynamics of the stock and allow for reasonable forecasts of future growth.

Figure 7. Aging process of age-specific residential building sub-stocks.

As shown in Figure 7, for the building age profile in each year, the oldest sub-stock of buildings
is greater than the immediately preceding younger sub-stocks. For example, for 2007, the column
representing the oldest sub-stock (i.e., 29 years old) is much taller than the several preceding ones,
which exhibit a generally descending trend due to aging and demolition. This is because the 29-year-old
sub-stock in 2007 represents all those buildings already existing in 1978 (the first year of the model)
that survived to 2007. That sub-stock includes all existing buildings of various ages in 1978. Likewise,
the 30-year-old sub-stock in 2008 also represents older buildings already in use in 1978 and remaining
in use in 2008. So, the x-axis in Figure 7 is the building age for all buildings other than for this particular
set (i.e., buildings in existence in 1978). It was not possible to differentiate those old buildings by
their ages in the initial stock in 1978 because no statistics are available for the age profile before
1978. Therefore, without a known composition of buildings by age, the 1978 stock was treated in
the model as a mixed one, in which buildings were assumed to be subject to the same probability
of demolition. Mathematically, this means these buildings’ lifetimes were assumed to follow an
exponential distribution whose hazard function was a constant equal to the reciprocal of their average
lifetime, which was taken into account in the calibration process. We acknowledge that this is a
minor methodological limitation due to data availability constraints, but given its small overall size,
the impact of the age profile of buildings in the initial stock in 1978 on more recent stock is largely
negligible. Over time, this initial stock will only keep shrinking due to demolition, and its impact will
further diminish accordingly.

6. Discussion and Conclusions

While it is generally believed that Chinese buildings are short-lived, there is a dearth of official
statistics and empirical data on building lifetimes to substantiate this observation. Moreover, official
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statistics on total floor area of urban residential buildings only exist up to 2006, resulting in an unknown
historical growth trajectory of urban residential building stock in China from 2007 onwards. Previous
studies estimating recent and future Chinese building stock and energy use make various assumptions
about building lifetime and stock turnover as part of their methodological approaches in an effort
to overcome the lack of available data. However, as discussed earlier, these models use various
questionable assumptions, as evidenced by the wide variation in results of different models. Moreover,
the dynamic profile of age-specific sub-stocks and the implications for energy and carbon have not
been extensively explored, which suggests a research gap in estimating building lifetime and stock
turnover dynamics.

Our study developed a residential stock turnover model using a system dynamics approach.
The model applied survival analysis to represent building lifecycle, from being newly constructed to
being eventually demolished. Demolition was modelled as a stochastic process based on a hazard
function derived from a Weibull distribution representing the uncertainties associated with building
lifetime. Using historical data starting with 1978, the first year official building stock statistics are
available, the Weibull distribution’s shape and scale parameters were calibrated. The specified Weibull
distribution had a mean value of 34.1, which represents the average building lifetime. Our result
substantiates the general observation that urban residential buildings in China have an average lifetime
much shorter than the design lifetime of 50 years. In the absence of official statistics on building lifetime,
our study can assist policy-makers in characterising existing buildings at the national, provincial and
municipal levels. Based on the calibrated lifetime distribution, the total stock size of urban residential
buildings was estimated to have increased from 17.8 billion m2 in 2010 to 23.7 billion m2 in 2017,
based on a dynamically changing age profile.

However, the value of estimating the building lifetime distribution and obtaining an explicit set
of age-specific sub-stocks goes beyond understanding the dynamics of the residential building stock
itself and offers three sets of insights. Firstly, the estimated lifetime distribution makes it possible to
explicitly estimate annual new construction and demolition, which can be directly used to quantify the
total initial and demolition embodied energy and carbon incurred every year. The impact of potentially
changing the lifetime distribution on this embodied energy and carbon, via planning policy or as a
result of economic and environmental factors, can be examined.

Secondly, model granularity at the level of age-specific building sub-stocks offers a detailed
representation of the building stocks’ heterogeneity with respect to operational energy performance.
Going forward, it is reasonable to expect that new buildings will be built to higher standards of
operational energy performance due to increasingly stringent design codes and technological advances.
Separately tracking the aging process of different cohorts of buildings enables policy-makers to
appreciate the dynamics of the stock composition of buildings with different operational performance
and evaluate the trajectories of stock-wide average operational energy intensity per square metre.
Explicitly modelling the aging process also provides analytical convenience to enable detailed policy
experimentation, such as by targeting the retrofitting of old buildings at different ages for different
depths of energy performance improvement, which makes not only technical but also economic sense.

Thirdly, and perhaps most importantly, the ability to model the temporal dynamics of the building
stock enables the integration of embodied and operational impacts. A dynamic model allows us to
explore their relative importance in the context of further developments in green building materials,
strengthening design codes for new buildings and scaling up the energy-related retrofits of existing
buildings. In so doing, a fuller understanding of lifecycle energy and carbon of urban residential
buildings in China can be reached so as to better inform policies aiming to decarbonise buildings.

The whole-life (embodied plus operational) energy and carbon of the Chinese building stock
are major contributors to global climate change. In 2013 and 2014, the operational energy used in
existing buildings was similar in size to the embodied energy used in the construction of new buildings,
together accounting for around 34% of China’s total primary energy consumption. In order to reach
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economy-wide peak emissions by 2030, it is critical that policies effectively address both embodied and
operational energy of the building stock.

We have demonstrated that the dynamics of building lifetime and building stock turnover are
fundamental prerequisites to forecasting whole life energy and carbon impacts and to understanding
the interactions between the two. To address the current lack of data, we have developed a calibrated
model using a series of 101 heterogeneous building stocks. The model outputs indicate that the average
lifetime of urban residential buildings in China is currently 34.1 years, and that the total stock has
increased by 33.1%, from 17.8 billion m2 in 2010 to 23.7 billion m2 in 2017.

The next step will be to extend this model by adding additional properties such as embodied
energy intensity and operational energy intensity, as well as additional structures and components
that drive stock development, such as the expected trajectory of per-capita floor area. We will then
develop a fully-fledged building energy and emissions model for modelling and analysing policy
scenarios to investigate the trade-offs of embodied-versus-operational energy and carbon facing
Chinese residential buildings.
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Abstract: The multi-scale carbon-carbon dioxide (C-CO2) dynamics of subtropical urban forests and
other green and grey infrastructure types were explored in an urbanized campus near Shanghai, China.
We integrated eddy covariance (EC) C-CO2 flux measurements and the Agroscope Reckenholz-Tänikon
footprint tool to analyze C-CO2 dynamics at the landscape-scale as well as in local-scale urban forest
patches during one year. The approach measured the C-CO2 flux from different contributing areas
depending on wind directions and atmospheric stability. Although the study landscape was a net
carbon source (2.98 Mg C ha−1 yr−1), we found the mean CO2 flux in urban forest patches was
−1.32 μmol m−2s−1, indicating that these patches function as a carbon sink with an annual carbon
balance of −5.00 Mg C ha−1. These results indicate that urban forest patches and vegetation (i.e., green
infrastructure) composition can be designed to maximize the sequestration of CO2. This novel
integrated modeling approach can be used to facilitate the study of the multi-scale effects of urban
forests and green infrastructure on CO2 and to establish low-carbon emitting planning and planting
designs in the subtropics.

Keywords: carbon dioxide offsets; ART footprint tool; urban ecosystems; nature-based solutions;
green infrastructure

1. Introduction

Urban areas are a complex matrix of different land covers, primarily including green infrastructure
(GI; e.g., urban forests and other vegetation patches) and grey infrastructure (e.g., buildings, roads,
and impervious). This matrix affects greenhouse gas (GHG) dynamics due to the combination of
fossil fuel emissions from transportation and industrial activities and carbon-carbon dioxide (C-CO2)
sequestration by urban forests and other areas of natural and semi-natural vegetation, wetlands and
rivers [1]. As such, there is increasing research on urban C-CO2 dynamics and the use of urban forests
as a nature-based solution across many cities of the world [2–4].

However, multi-scale modeling of urban C-CO2 dynamics for different urban land covers, including
urban and peri-urban forests in developing countries, is complex due to: Landscape heterogeneity,
socioeconomic factors, emission sources, seasonality, wind direction-speed, and atmospheric stability [4,5].
Thus, many studies on the role of vegetation on C have used indirect methods such as allometric biomass
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equations and tree inventory data to assess C stocks and CO2 sequestration in urban areas [6,7]. Other
empirical approaches, such as urban metabolism [8] and direct measurements using eddy covariance
(EC) flux observation systems [9], are also being used to assess these urban C-CO2 dynamics. However,
of these methods, EC allows for integrated measurements of C-CO2 fluxes between the surface and the
atmosphere within a contribution area to measured C fluxes, known as the footprint, which consists of
sources and sinks [9–11]. These contribution areas are generally landscape-scale segments or portions
within the study footprint [12]. As such, the C-CO2 dynamics of smaller localized patches and areas
within the footprint are much more difficult to model [4,10].

But, the available ART Footprint Tool (Agroscope Reckenholz-Tänikon; ART hereafter), based
on the Kormann and Meixner model, is a relatively accessible approach for modeling source-sink
heterogeneity and the partial flux contribution of specific local-scale areas inside a footprint [13].
Although little used in cities, it can potentially quantify how local-scale urban forest or other GI
patches offset CO2; a topic that is increasingly important to researchers and decision-makers globally.
Such research using direct measurements of C-CO2 flux source-sink characteristics and their use as a
nature-based solution in subtropical urban forests in low-middle income countries is scarce [2,3,9].

Therefore, the aim of this short communication is to explore a novel approach for estimating the
landscape and local-scale C-CO2 flux dynamics of subtropical urban forests in an urbanizing area near
subtropical Shanghai, China. Our specific objectives were two-fold. First, we quantified the overall
CO2 flux variation in an urbanized landscape and its different land covers. Second, we then explored
the local-scale C-CO2 flux dynamics of the specific urban forest, mixed, and grey infrastructure patches.
We did so by combining Geographical Information Systems, direct annual EC measurements of C-CO2

fluxes with the ART contribution area model. We then compared the C dynamics of urban forests with
other areas of green-grey infrastructure [13].

As we will point out in the methods, the below approach requires advanced expertise, state of the
art equipment, and data to implement. In particular, the long-term datasets required include canopy
height and fine-scale meteorological and environment measurements, as well as spatial land use cover
boundaries. Similarly, these local-scale flux source area assessments need CO2 flux partitioning in
different time series for the different land-use types. As such all these requirements are needed to
make the below flux calculations and spatial assessments. That said, the novel, integrated, multi-scale
techniques explored here could provide an improved approach to better understand, plan, manage,
and design urban forests as essential components of urban nature-based solutions.

2. Materials and Methods

The 456-hectare study area, or landscape, is located at the Fengxian University Campus,
approximately 40 km south of central Shanghai, China, in a coastal plain with a subtropical monsoon
climate. Southeast winds dominate during the summer and northwest winds in the winter. The annual
average temperature is 16 ◦C, the mean minimum and maximum temperatures are 4 ◦C in January
and 33 ◦C in July–August, respectively [14,15]. The mean annual precipitation is 1200 mm and occurs
mostly in the summer. Seasonality, as used in this study, is defined as follows, where Spring is the
1st of March–31st May, Summer is the 1st of June–31st August, Autumn is the 1st of September–30th
November, while Winter is the 1st of December–28th February.

The grey infrastructure land use/covers (LULCs; e.g., building, roads, impervious) accounted for
39.25% of the study landscape. The buildings alone accounted for 24.31% of the total area and had an
average height of 10 m. The GI or vegetation-dominated LULCs accounted for 53.2% of the study area,
and the remaining was mixed and water bodies. Vegetation is characterized by a subtropical evergreen
broad-leaved forest tree types dominated by Cinnamomum camphora with a canopy height of 8 m and
other common herbaceous species such as Acorus calamus L., Phragmites australis, and Ophiopogon
japonicus.

The EC system used for this short communication consisted of a three-dimensional ultrasonic
anemometer (Windmaster, Gill, UK), and infrared gas analyzer (Li-7500, Licor, Lincoln, NE, USA),
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mounted on 20 m tall antenna tower in the center of the study area. High-frequency data was collected
at 10 Hz on a CR3000 datalogger (Campbell Scientific Instruments, Logan, UT, USA) from April 2015
to March 2016. Carbon dioxide fluxes were calculated in 30 min intervals using EddyPro 5.1.1 software
(Li-COR, Lincoln, NE, USA), which applied a coordinate rotation to adjust for local wind streamline
and corrects for: The frequency response losses, spectral attenuation, and density fluctuations due to
changes in air temperature and air moisture content.

The estimated fluxes were filtered following quality control indicators generated by the processing
software (0-1-2; where “0” indicates best to “2”, the poorest quality data) and the steady-state and
developed turbulent conditions tests [16]. The fluxes were also eliminated under raining conditions or
when less than 90% of the high-frequency data was collected in the 30 min intervals. Sixty-six percent
of data remained after this filtering protocol was applied [17]. Atmospheric stability was defined
according to Obukhov’s stability lengths (L), where L < 0 represent unstable and L > 0 represent stable
atmospheric stability, respectively [13,18]. Temporal gaps in the fluxes, usually less than 2 consecutive
hours, were filled using the diurnal variation method (MDV) by interpolating the average value of
the data generated at the same time in a cycle of 7 days for daytime and 14 days for night van ’t Hoff
model time [18–20]. For longer periods, the Landsberg model was used for daytime and CO2 fluxes
were related to photosynthetically active radiation, while the van ’t Hoffmodel, which relates fluxes to
soil temperature, was used for nighttime gap-filling [19,20]. The MDV method was used for all data
gap filling procedures when estimating CO2 fluxes of both the footprint and different GI areas within
the study area. Negative CO2 flux values indicate CO2 uptake.

To attribute the CO2 fluxes to their sources within the study landscape, we first estimated the
characteristics and range of flux sources in the entire contributing area, or footprint, located on the
urbanized campus [21,22]. The footprint had a radius of 500 m relative to the EC tower. We used the
Hsieh model, based on the Lagrangian stochastic model and dimensional analysis, as it is suitable for
long-term time series and requires few parameters, including: The observing height (m), zero-plane
displacement value (m) and aerodynamic roughness length (m) [22]. Although the Flux—Source Area
Model (FSAM) is also used for these types of analyses, it is much more complex and is not suitable for
long-term flux footprint calculations [23,24].

Second, we estimated the flux contribution of 3 specific local-scale urban forest (i.e., tree dominated
GI), mixed, and grey infrastructure patches to the total measured fluxes in the footprint using ART.
We identified and selected the 3 specific patches using the following approach. A 15 × 15 m grid was
initially established inside the footprint to spatially segregate the different LULCs. Then, 200 of these
cells were grouped into either green or grey infrastructure types based on their LULCs. Afterward,
the selected grey and green infrastructure cells were grouped into 26 different polygons that best
represented the green and grey infrastructure patches across the 4 footprint quadrants (Figure 1).
All polygons were summed producing the contribution of grey and GI to total measured fluxes and
total fluxes from each quadrant [12]. The footprint function was then combined with the LULC
data and the footprint contribution was calculated for 3 selected polygons that best represented the
3 different patch types (i.e., urban forest, mixed, and grey infrastructure) [12,13].
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Figure 1. The eddy covariance footprint’s grid, quadrants, and 26 polygons representing green
(vegetation dominated cells) and grey infrastructure (building and impervious dominated cells) patches
in the university campus study landscape near Shanghai, China.

3. Results

Ranges of prevailing seasonal wind direction and the percent of total frequency were estimated
(Appendix A) and then the Hsieh footprint model was used to calculate the range of 90% of flux
contribution area to the measured C-CO2 flux according to the prevailing wind direction. The flux
contribution area length for non-prevailing winds under stable atmospheric conditions was 260–810 m
during the spring. When the atmosphere was unstable, the length of the flux contribution area was
121–220 m. The flux contribution areas for seasonal prevailing winds under stable and unstable
atmospheric conditions are shown in Appendix A. As expected, all seasons exhibited a pattern of
increased flux contribution areas as the atmospheric stability improved. The total daily C-CO2 for the
study is shown in Figure 2.

The total C-CO2 balance in the study landscape was 2.98, with the northeast quadrant contributing
1.22, followed by the southwest with 0.78 and southeast and northwest quadrants contributing 0.47
and 0.51 Mg C ha−1 yr−1, respectively. The sum of carbon emissions per quadrant accounts for 88% of
the observed values in the total footprint.

The grey and GI areas were then selected throughout the footprint and we combined this EC data
to characterize seasonal C-CO2 fluxes (Figure 2) [12]. Overall, the annual carbon budget for GI areas
was −5.00 Mg C ha−1 and the seasonal carbon budget in the spring, summer, autumn, and winter
were: −1.52, −2.76, −1.02, and 0.30 Mg C ha−1 yr−1, respectively. The annual average CO2 flux for
GI was −1.32 μmol m−2s−1. The annual carbon budget for the grey infrastructure areas was 8.17 Mg
C/ha, and there were no obvious seasonal changes. The peak CO2 flux values were within the range of
5–8 μmol m−2s−1. The CO2 flux peak value decreased due to the lower traffic flow and reduced human
activities at night. The annual average CO2 flux for the grey infrastructure types was 2.16 μmol m−2s−1.

112



Sustainability 2019, 11, 4335

Figure 2. Daily C-CO2 fluxes (gC m−2 day−1) for the university campus study footprint near Shanghai,
China from 1st April 2015 to 31st March 2016.

Parsing out the C-CO2 flux of exclusively treed patches versus other areas of mixed vegetation is
not possible as conventional EC studies the sum of all vegetation, soils, water, and other attributes
in a given area [12]. Thus, hereafter we refer to patches of grey infrastructure and urban forests, or
tree-dominated GI. Accordingly, we used three specific patches in the footprint of approximately 400 m2

to represent: Urban forests, a mix of buildings and GI, and building-dominated grey infrastructure
(Figure 3). An ideal annual average value was estimated according to the CO2 flux in the three patches
(Equation (1)) [18,23,25]. The Fi

c is the ideal value (Annual average, μmol m−2 s−1), AGreen is the
tree-dominated GI/urban forest area (ha), AGrey is the area of the grey infrastructure (ha), and Atest is the
study area (ha). The calculated annual average value is the calculated ART Footprint Tool CO2 flux of
the study area. The ideal and calculated values for urban forests, grey infrastructure, and mixed were
−1.32 and −1.11, 2.16, and 2.48 and mixed were 0.42 and 0.95 μmol m−2s−1, respectively. By comparing
the differences between the ideal and the calculated values, we determined the accuracy of the CO2

fluxes for the different patches.

Fi
c = −1.32

AGreen
Atest

+ 2.16
AGrey

Atest
(1)

The difference between the ideal and calculated value for the buildings plus GI patch was
0.53 μmol m−2s−1 and differed greatly, relative to the difference between the ideal and calculated value
for the vegetation and buildings. The difference of 0.53 μmol m−2s−1 was within the acceptable error
range, relative to the predicted CO2 flux values [13].
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Figure 3. Selected local-scale patches in the study landscape. From left to right are: Urban forests
(100% trees and grass), grey infrastructure (100% building impervious), and a mixed patch (50% grey
infrastructure, 50% green infrastructure).

4. Discussion and Conclusions

Our measured C-CO2 fluxes were similar to other studies, despite the climatic and GI compositional
differences [11]. Vesala et al. [12] found that vegetation in an area in Helsinki, Finland, had a C-CO2 flux
of less than 5 μmol m−2s–1. A CO2 flux study in the nearby Chongming Island wetlands found that the
distribution range under stable atmospheric conditions can reach 378 m [20,26]. The maximum winter
CO2 flux in Shenyang China can be 84 μmol m−2s−1 [25], which, noticeably, is different from our grey
infrastructure peak value and likely due to greater industrial and heating activities in cooler, northern,
inland temperate China. Outside China, EC CO2 fluxes for other cities are reported in Ward et al. [11].

In terms of the CO2 flux contribution for different urban forest-GI types at the landscape scale, we
found that the most notable difference was between herbaceous-woody and building-road LULCs; a
finding similar to Yao et al., who identified forest cover in the Shanghai, China area as being a driver of
C stocks [6]. The contribution of other LULC types in terms of CO2 flux contribution was, however,
lower as observed in other studies [5]. Thus, our results show the cumulative influence of these urban
forests and other green infrastructure can have on CO2 flux, as opposed to grey infrastructure, on the
overall CO2 flux contribution area [2,4,10].

We do note that the main limitation of this short communication is that we used one year of data and
we did not analyze water and bare soil LULC types. These areas of “blue and brown” infrastructures
are common in urban areas and will likely influence the C-CO2 balance in the study area. But, our short
communication presents an approach for future research, such as understanding how water bodies,
wetlands, and urban development and construction activities affect the C flux of urban ecosystems and in
improving the ART footprint tool functionality to better analyze urban ecosystems. Future studies can
use the approach presented here and multiple years of data to better characterize the CO2 budget for
other GI types, such as areas planted with native versus non-native vegetation and other high versus
low maintenance urban vegetation types. In particular, characterizing their seasonal and annual budgets
across time and space could lead to better estimates of their true CO2 offsetting potential.
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Multi-scale studies combining geospatial, EC CO2 flux data, and footprint/contribution area models
are not common for subtropical, coastal, cities in low-middle income countries. Thus, this short
communication demonstrates how long-term, local-scale data, and the ART tool can provide a more
accessible and novel approach for modeling urban forest C-CO2 dynamics and heterogeneity in cities.
Such information can help us better urban plan, design, and justify the use of urban forests as integral
components of nature-based solutions, which are becoming popular in many cities. The research approach
presented in the paper can be used to quantify the role of low-carbon cities and local-scale effects of
regulating greenhouse gas emissions. This study in subtropical China can also provide a baseline and
approach for carbon flux research of the urban environment in other cities in the tropics and subtropics.
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Appendix A

Figure A1. The farthest point distribution of 90% contribution area for dominate wind directions for
different seasons in the Shanghai Fengxian University Campus. (a) Spring; (b) summer; (c) autumn;
(d) winter. Solid lines represent stable, dotted line represents unstable atmospheric conditions.
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Figure A2. The Farthest point distribution of 90% contribution area for non-dominant wind directions
during four different seasons in the Shanghai Fengxian University Campus. (a) Spring; (b) summer;
(c) autumn; (d) winter. Circular shapes with solid lines represent stable, while dotted line represents
unstable, atmospheric conditions.

Figure A3. Wind rose for the Shanghai Fengxian University Campus study landscape from April 2015
to March 2016.
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Abstract: As the world’s top energy consumer and carbon emitter, China’s carbon emissions policies,
including the low-carbon pilot initiative (LCPI) implemented in July 2010, have important effects on
global climate change. Therefore, accurately assessing the effect of this policy has become extremely
important for low-carbon development. This article analyses the impact of implementing LCPI on
regional carbon emissions by using Guangdong Province as the study area, which has the largest
economic scale, population size and carbon emissions amongst China’s low-carbon pilot provinces.
The results suggest that for the entire 2010–2015 period, Guangdong’s carbon emissions were reduced
by about 10% due to the implementation of LCPI. This policy produced a significant impact on the
carbon emissions from manufacturing industries but showed minimal impact on the carbon emissions
from energy production. Unlike previous researchers who relied on estimations, the authors of this
work obtained unified carbon emissions data for 1997–2015 from the China Emission Accounts and
Datasets and then constructed comparison groups by using the synthetic control method instead of
performing a subjective selection. The authors also examined the impact of LCPI on carbon emissions
from different sources. This article proposes that policy support and low-carbon action are necessary
for reducing regional carbon emissions and that the policies must be constantly adjusted during
their implementation. The successful experiences in low-carbon pilots are also worth exploring and
promoting in other regions.

Keywords: low-carbon pilot initiative; carbon emissions; policy effect evaluation; synthetic
control method

1. Introduction

Over the past century, the global average temperature increased by 0.4–0.8 ◦C, which is expected to
increase further to 1.4–5.8 ◦C over the next 100 years. Global warming has created many environmental
problems, such as the melting of bipolar glaciers, rising sea levels, increased frequency of extreme
weather and ecological damage, thereby turning this phenomenon into one of the major challenges
being faced by the world today [1–4]. Scientific studies have confirmed a direct relationship between
greenhouse gas emissions (e.g., carbon dioxide) and global climate change [5–8]. In addition,
the amount of global carbon dioxide emissions continues to increase despite the calls of climate scientists
and international organizations, including the United Nations, for cuts in energy consumption [9].
The research of Global Carbon Project reveals that the amount of global CO2 emissions has increased
by 1.6% in 2016–2017 and is expected to increase by 2.7% in 2018 [10].

China is the world’s top energy consumer and CO2 emitter [11]. Since its accession to the WTO in
2001, China’s GDP growth rate has reached an average of 10% a year, thereby turning China into the
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world’s second largest economy. However, the rapid development of China’s economy comes at the
cost of consuming huge amounts of resources. According to the National Bureau of Statistics of China,
the total energy consumption of China increased by nearly three times from 1555 million tce (ton of
standard coal equivalent) in 2001 to 4490 million tce in 2017 [12]. Such large quantification energy
consumption also results in huge amounts of carbon emissions. Previous studies reveal that 27% of
global carbon emissions in 2017 originated from China [10].

China and other countries around the world have reached a consensus that promoting a low-carbon
economy with the goal of reducing greenhouse gas emissions can effectively solve those problems
driven by climate change [13–16]. In 2004, the National Development Reform Commission (NDRC)
promulgated the Medium and Long-Term Special Plan for Energy Conservation (2004) to reduce energy
intensity [17]. Subsequently, China’s top administrative institution, the State Council, promulgated
China’s National Climate Change Program (2007) and White Paper on China’s Actions and Strategy on Climate
Change (2008) to reduce the country’s greenhouse gas emissions [18,19]. In 2009, the State Council
announced its target to reduce the country’s carbon intensity by 40%–45% by 2020 compared to its 2005
level [20], and this target was subsequently included in the National 12th Five Year Plan in 2010 [21].
To achieve such target, in July 2010, the NDRC started implementing its low-carbon pilot initiative
(LCPI) in the five provinces of Liaoning, Hubei, Guangdong, Yunnan, and Shaanxi.

The implementation of LCPI has motivated many researchers to examine the effect of this policy.
For example, Chu (2017), Deng (2017), and Dai (2015) argued that the implementation of LCPI has
significantly inhibited regional carbon emissions and that this effect continues to increase every
year. [22–24]. However, Lu (2017) argued that not all pilot areas were influenced by LCPI, with only
Shaanxi showing significant reductions in its carbon emissions [25]. Similarly, Zhao (2018) argued that
the effect of LCPI varies across different provinces. For instance, this policy effectively reduced the
agricultural carbon emissions in Shaanxi, Hubei, and Liaoning but did not produce any obvious effect
in Guangdong and Yunnan [26].

Previous studies have evaluated the effectiveness of LCPI, but their conclusions greatly vary and
even contradict one another because of the differences in their data and methodologies. For instance,
the most important outcome variable used in these studies (CO2 emissions) was estimated by using
different methods. However, emissions estimates are relatively uncertain in many circumstances
and show large gaps [27]. The methodologies employed in previous research, including the
Differences-in-Differences method, also show some limitations in evaluating policy effects, with
researchers often selecting their comparison groups subjectively [28]. In addition, previous researches
do not study deeply the impact of the LCPI on carbon emissions from different sources.

In this study, the authors obtained annual CO2 emissions data at the provincial level for 1997–2015
from China Emission Accounts and Datasets (CEADs), which was constructed in 2017 and is considered
by far the most authoritative and unified carbon emission dataset for emission-related research in
China. The authors also used Guangdong Province as the study area given that this province has
the largest economic scale, population size and carbon emissions amongst China’s low-carbon pilot
provinces. Data-driven procedures were also employed to construct suitable comparison groups based
on the synthetic control method proposed by Abadie to examine whether LCPI has actually reduced
the regional carbon emissions of China. The impact of this policy on carbon emissions from different
sources has also been investigated.

2. Materials and Methods

2.1. Study Area

Guangdong Province, one of China’s first low-carbon pilot provinces, is located in the southeastern
part of the country (109◦39′~117◦19′ E and 20◦13′~25◦31′ N) facing the South China Sea (Figure 1).
The Guangdong provincial administrative area includes 21 cities with a total population of 117 million,
thereby making this area the most populated province in China. Since 1989, Guangdong’s GDP
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has ranked first in the country, thereby turning Guangdong into China’s largest economic province.
In 2017, the total GDP of Guangdong amounted to 89,705.23 billion yuan or 10.8% of China’s total GDP.
The high amount of economic aggregates and total population also hugely contribute to the carbon
emissions of this province. In fact, Guangdong’s annual CO2 emissions are higher than those of the
other four low-carbon pilot provinces since 2001 (Figure 2a).

Figure 1. Location of Guangdong Province and its cities.

  
(a) (b) 

Figure 2. Comparison of annual CO2 emissions between Guangdong and other provinces.
(a) Comparison of annual CO2 emissions between Guangdong and the rest of low-carbon pilot
provinces, and (b) comparison of annual CO2 emissions between Guangdong and non-low-carbon
pilot provinces.

2.2. Policy Background

The main sources of carbon emissions in Guangdong are its energy production and manufacturing
industries, which altogether account for 80.4% of the province’s total emissions (Figure 3).
The Guangdong government divided its implementation of LCPI into four periods, namely, the
start-up period (August 2010–December 2010), the initial period (2011), the crucial period (2012–2013)
and the deepening period (2014–2015), all of which aimed to reduce the CO2 emissions of the province
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by 35% in 2015 from its 2005 level. To achieve this goal, Guangdong focuses on the optimization of its
energy structure and the development of its low-carbon industry.

 

56%
24.4%

19.6% Energy production

Manufacturing industries

Other sources

Figure 3. Source of carbon emissions in Guangdong Province.

To optimize an energy structure, the production of thermal power, nuclear power, and wind
power must be promoted, the utilization of solar energy must be enhanced, biomass energy needs
to be developed in moderation, a new type of rural energy must be developed according to the
local conditions and other emerging energy sources, such as geothermal energy, tidal energy, and
hydrogen energy, need to be cultivated. In addition, the government advocates that enterprises should
pay attention to their energy conservation and improve their energy efficiency in their production
processes. To create a low-carbon industry, the development of advanced manufacturing (e.g., nuclear
power equipment, wind power equipment, automobile manufacturing, petrochemicals, shipbuilding
and marine engineering equipment manufacturing) and strategic emerging manufacturing (e.g.,
semiconductor lighting, new energy vehicles, solar photovoltaic energy, energy conservation, and
environmental protection) must be accelerated, whilst the development of modern service industries
(e.g., finance, logistics, information services, technology services, outsourcing services, headquarters
economies, business exhibitions, cultural creativity, and tourism) needs to be optimized. A circular
economy must also be developed, clean production processes and technologies need to be promoted,
waste generation from sources must be reduced and waste recycling must be encouraged.

In addition, Guangdong has also implemented some innovative policies. In institutional reform,
the Guangdong Provincial Leading Group for Climate Change and Energy Conservation and Emission
Reduction was established and directly led by the governor. Meanwhile, the low-carbon targets was
incorporated into the performance evaluation system of government officials. In market mechanism,
Guangdong pioneered the development of an emissions trading scheme (ETS), which could allow
carbon emissions allowances to be traded. Unlike other areas in China, which use the free allocation of
permits to reduce the financial burden on enterprises, Guangdong adopted a tougher approach by
requiring compliance enterprises to buy allowances through auction. For example, the compliance
enterprises in the iron and steel industry could receive a 97% quota for free only if they purchase 3%
of allowances. The government also set a high reserve price of RMB 60/ton for mandatory auction.
This allocation approach is superior to free allocation because it contributes to the identification of the
proper price for carbon emissions, as well as raising money for the provincial low-carbon development
fund [29].

Figure 2b plots the trends in the annual CO2 emissions of Guangdong and the other provinces that
are not covered by LCPI. As can be seen in this figure, before the implementation of LCPI, the trends
in the annual CO2 emissions of Guangdong and the other provinces were all showing a continuous
growth. These trends began to diverge in 2011 when Guangdong’s annual CO2 emissions peaked and
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began to decline whereas those of the other provinces continued to increase. To evaluate the impact of
LCPI on the carbon emissions of Guangdong, the following question needs to be addressed: If the LCPI
was not implemented in 2010, how will Guangdong’s carbon emissions evolve? This counterfactual
can be estimated by using the synthetic control method.

2.3. Synthetic Control Method

The thinking of synthetic control method is to use Guangdong as the treatment group, find the
appropriate weight through the predicted variables, and weight the average of the provinces where the
LCPI has not been implemented. Then we synthesize a virtual Guangdong that has not implemented
the LCPI and use it as a comparison group, and make the characteristics of the predicted variables
in synthetic Guangdong and real Guangdong before the LCPI implementation as similar as possible.
Finally, the difference of carbon emissions between real Guangdong and synthetic Guangdong after
the LCPI implementation can be compared.

Suppose that we observe the carbon emissions of J+1 provinces for T years, and only the first
province, that is Guangdong, implemented LCPI, hence the J remaining regions can be the control
group. Suppose that T0 is the year of the LCPI implementation, YN

it is the carbon emissions that could
be observed for province i at time t in the absence of the LCPI, and YI

it is the carbon emissions that
could be observed for province i at time t if province i is exposed to the implementation of the LCPI in
periods T0+1 to T. Let Yit be the actual carbon emissions that would be observed for province i at time t.
So αit = YI

it −YN
it is the effect of the implementation of LCPI for province i at time t, α1t = YI

1t −YN
1t is

the effect of LCPI on carbon emissions in Guangdong. Because all provinces’ carbon emissions are not
affected by LCPI before T0, when t ≤ T0, YI

it = YN
it ; when T0 < t ≤ T, YI

it = YN
it + αit. We introduce the

dummy variable Dit. The observed actual carbon emissions for province i at time t is Yit = YN
it + Ditαit,

when t ≤ T0, α1t =0; when t > T0, α1t = YI
1t − YN

1t = Y1t − YN
1t, Y1t is the actual carbon emissions

of Guangdong that can be observed after the implementation of the LCPI. We can estimate α1t by
estimating YN

1t. Suppose that:
YN

it = δt + θtZi + λtμi + εit (1)

where δt is an unknown common factor, Zi are observed covariates which not affected by the LCPI, θt

are unknown parameters, λt are unobserved common factors, μi are unknown factor loadings, and
εit are error terms. Suppose that a weights vector W to estimate YN

it , W =
(
w2, w3, · · · , wJ+1

)
, wj ≥ 0,

w2 + · · ·+ wJ+1 = 1. The carbon emissions for each synthetic control indexed by W is

J+1∑
j=2

wjYN
jt = δt + θt

J+1∑
j=2

wjZJ + λt

J+1∑
j=2

wjμ j +

J+1∑
j=2

wjε jt (2)

Suppose that there are
(
w∗2, · · · , w∗J+1

)
such that

J+1∑
j=2

w∗jYj1 = Y11,
J+1∑
j=2

w∗jYj2 = Y12, · · · ,
J+1∑
j=2

w∗jYjT0 = Y1T0 and
J+1∑
j=2

w∗jZj = Z1 (3)

If
∑T0

t λ
′
tλt is nonsingular, then

YN
it −

J+1∑
j=2

w∗jYjt =

J+1∑
j=2

w∗j
T0∑

s=1

λt

⎛⎜⎜⎜⎜⎜⎝
T0∑

n=1

λ′nλn

⎞⎟⎟⎟⎟⎟⎠
−1

λ′s
(
ε js − ε1s

)
−

J+1∑
j=2

w∗j
(
ε js − ε1s

)
(4)

Abadie proved that, the mean of the right-hand side of Equation (4) will be close to zero under
standard conditions, hence we can use α̂1t = Y1t −∑J+1

j=2 w∗jYjt for t ∈ {T0 + 1, · · · , T} as an estimator
of α1t.
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2.4. Variables and Data

The annual CO2 emissions at the provincial level were used as the outcome variable and were
collected from CEADs. Following Wang (2010), several variables were used as predictors of carbon
emissions, including economic size, economic structure, economic level, population size, energy
intensity, length of transport routes, and number of vehicles [30]. The details of these variables are
shown in Table 1.

Table 1. Predictors of carbon emissions.

Predictor Index Abbreviation Data Source

Economic size GDP GDP China Statistical Yearbook
Economic structure Secondary industry output/GDP ES China Statistical Yearbook

Economic level Per capita GDP PGDP China Statistical Yearbook
Population size Total population POP China Statistical Yearbook
Energy intensity Energy consumption EC China Energy Statistics Yearbook

Length of transport routes Total mileage of roads and railways TD China Transportation Yearbook
Number of vehicles Number of civil cars VN China Transportation Yearbook

The synthetic control method was used to create a synthetic version of Guangdong that mirrors
the values of the predictors of the real Guangdong before the LCPI implementation. Not all the other
provinces (excluding Guangdong) were placed in the control group. Firstly, Tibet, Xinjiang, and Taiwan
were eliminated from the sample because of missing data. Secondly, Liaoning, Hubei, Yunnan, and
Shaanxi were eliminated as they also implemented LCPI in 2010. Thirdly, Hainan was eliminated
given that this province was named as a low-carbon pilot province in 2012. Fourthly, Zhejiang was
eliminated because LCPI includes not only provinces but also cities. The annual CO2 emissions of
Hangzhou, Ningbo, and Wenzhou, which are included amongst China’s low-carbon pilot cities, are
more than half of that of Zhejiang Province. Therefore, although not a low-carbon pilot province,
Zhejiang is also greatly affected by LCPI.

After creating a synthetic Guangdong, the effect of LCPI on carbon emissions was estimated as
the difference in the annual CO2 emissions levels of the real and synthetic Guangdong in the years
following the implementation of LCPI. Placebo studies and robustness tests were then performed to
confirm the accuracy and robustness of the estimations.

3. Results

3.1. Real and Synthetic Guangdong

3.1.1. Total Effect

The Synth package for STATA provided by Abadie was used for the operation. Table 2 shows the
weights of each province in the control group for synthesizing a virtual Guangdong. The results in
Table 2 reveal that the carbon emissions trends in Guangdong before the implementation of LCPI are
best copied by a combination of Hebei, Heilongjiang and Anhui. All other provinces in the control
group were assigned zero W-weights.

Table 2. Province weights in synthetic Guangdong.

Province Weight Province Weight

Hebei 0.630 Shandong 0
Shanxi 0 Henan 0

Inner Mongolia 0 Hunan 0
Jilin 0 Guangxi 0

Heilongjiang 0.255 Sichuan 0
Jiangsu 0 Guizhou 0
Anhui 0.115 Gansu 0
Fujian 0 Qinghai 0
Jiangxi 0 Ningxia 0
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Table 3 compares the pre-treatment characteristics of real Guangdong with those of synthetic
Guangdong as well as the average values of the 18 provinces in the control group. Based on the computed
average, the other provinces were deemed unsuitable for the control group. Meanwhile, the carbon
emission prediction factors of synthetic Guangdong were very similar to those of real Guangdong.

Table 3. Mean values of carbon emission predictors.

Variables Real Guangdong Synthetic Guangdong Average of 18 Control Provinces

LnGDP 9.707 9.770 8.153
ES 51.14 51.01 46.87

LnPGDP 9.853 9.305 9.125
LnPOP 9.073 8.681 8.235
LnEC 9.523 9.356 8.687
LnTD 11.737 11.386 11.109
LnVN 14.816 14.028 13.281

CE-2000 199.6 193.1 105.3
CE-2005 341.8 347.7 205.9
CE-2009 437.6 444.0 283.7

Figure 4 presents the CO2 emissions of the real and synthetic Guangdong from 1997 to 2015.
Synthetic Guangdong tracks the changing trajectory of annual CO2 emissions in real Guangdong
very closely for the entire pre-LCPI period, thereby suggesting that synthetic Guangdong provides
a sensible approximation of the annual CO2 emissions in real Guangdong between 2010 and 2015
before the implementation of LCPI.

 

Figure 4. Trends in annual CO2 emissions: Real vs. synthetic Guangdong.

The effect of LCPI on the carbon emissions of Guangdong was estimated as the difference between
the annual CO2 emissions of the real and synthetic version after the implementation of the policy.
As shown in Figure 4, after the implementation of LCPI, the two lines began to diverge. Whilst the
CO2 emissions of synthetic Guangdong continued to grow steadily, those of real Guangdong began to
shift after reaching its peak in 2011 and then declined for the first time. This figure suggests that the
implementation of LCPI has a negative effect on Guangdong’s carbon emissions. Table 4 shows the
yearly gaps in the CO2 emissions of the real and synthetic Guangdong, which can reflect the yearly
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estimated impacts of LCPI. The gap in the annual CO2 emissions of real and synthetic Guangdong was
maintained between 4 mt and 8 mt in the five years before the implementation of LCPI. However, after
the implementation of this policy in 2010, this gap instantly expanded to 21.2 mt and increased year by
year until reaching its maximum in 2013 (91.8 mt). These trends suggest that LCPI had a significant
effect on carbon emissions, with the carbon emissions of Guangdong decreasing by approximately 10%
during the entire 2010–2015 period with an average annual reduction of approximately 56 mt.

Table 4. Annual CO2 emissions between 2005 and 2015: Real vs. synthetic Guangdong (mt).

Year Real Guangdong Synthetic Guangdong Gap

2005 341.8 347.1 −5.3
2006 376.2 372.0 4.2
2007 410.1 403.3 6.8
2008 416.9 424.9 –8.0
2009 437.6 444.2 −6.6
2010 471.5 492.7 −21.2
2011 520.6 552.4 −31.8
2012 504.7 554.7 −50
2013 496.8 588.6 −91.8
2014 503.8 581.9 −78.1
2015 504.8 569.9 −65

3.1.2. Effects on Different Sources

Chapter 2 identifies energy production and manufacturing industries as the main sources of
carbon emissions in Guangdong and suggests that LCPI mainly focuses on these two aspects. Therefore,
what is the effect of LCPI on these two main sources of carbon emissions?

Figure 5 shows the results obtained by the synthetic control method, with Figure 5a showing the
impact of LCPI on carbon emissions from energy production and Figure 5b showing the impact of LCPI
on carbon emissions from manufacturing industries. These figures suggest that if Guangdong did not
implement LCPI in 2010, the development trend of CO2 emissions from energy production in synthetic
Guangdong would become similar to those in real Guangdong, that is, the CO2 emissions began to
decline after reaching the peak in 2011. However, the role of LCPI in reducing carbon emissions from
manufacturing industries in Guangdong is very obvious. After the implementation of this policy, the
two lines began to diverge noticeably. Whilst the CO2 emissions from the manufacturing industries
of synthetic Guangdong continued to grow steadily, those of real Guangdong began to shift before
declining. In this case, LCPI mainly affected the carbon emissions from the manufacturing industries
of Guangdong yet had minimal effects on the carbon emissions from energy production.

  
(a) (b) 

Figure 5. Trends in annual CO2 emissions from different sources: Real vs. synthetic
Guangdong. (a) Annual CO2 emissions from energy production, and (b) annual CO2 emissions
from manufacturing industries.
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3.2. Placebo Studies

Placebo studies were performed to verify whether the difference in the carbon emissions of real
and synthetic Guangdong is indeed caused by the implementation of LCPI instead of other factors,
that is, whether the empirical estimates are statistically significant. In these studies, Guangdong was
transferred to the control group and a province from the existing control group was assumed to have
implemented LCPI in 2010 instead of Guangdong. The synthetic control method was then employed to
construct a synthetic version of the selected province and to estimate the effects of LCPI. All provinces
in the control group were iteratively tested, and then the carbon emission differences generated in the
placebo studies were compared with those obtained from the empirical analysis. If the differences in
carbon emissions from Guangdong in the empirical analysis are much larger than those obtained in
the placebo studies, then the difference in carbon emissions between real and synthetic Guangdong is
driven by the implementation of LCPI, that is, the results of the empirical analysis are credible.

If the synthetic province has a large RMSPE (root-mean-square prediction error) before the
implementation of LCPI, that is, the real carbon emission situation of this province before the LCPI
implementation cannot be easily tracked, then the differences in the carbon emissions of the real
and synthetic provinces post-LCPI are inferred to be caused by factors other than LCPI. Therefore,
these provinces were eliminated in the placebo studies. Following Abadie (2015), those provinces
whose pre-LCPI RMSPE was more than three times larger than that of Guangdong were excluded
from the placebo studies. These provinces included Hebei, Inner Mongolia, Jiangsu, Shandong, and
Qinghai [31].

The results of the placebo studies are presented in Figure 6, where the black line denotes the
differences estimated for Guangdong and the grey line denoting the gap in annual CO2 emissions
between the provinces in the control group and their respective synthetic versions. The estimated
gap in the carbon emissions of Guangdong from 2010 to 2015 was unusually large compared with
those of the provinces in the control group. Given that the placebo studies included 14 provinces, the
probability of the estimation result was computed as 1/14 = 0.071, which is statistically significant.

 

Figure 6. Annual CO2 emissions gaps in Guangdong and placebo gaps in the 19 control provinces
(excluding those provinces with a pre-low-carbon pilot initiative (LCPI) RMSPE that is three times
larger than that of Guangdong).

127



Sustainability 2019, 11, 3979

3.3. Robustness Test

A robustness test was also performed based on an iterative approach, including the iterations
of regions and the iterations of predictors. In the iterations of regions, a version of Guangdong was
iteratively reconstructed, and each province that received a positive weight to the synthetic Guangdong,
including Hebei (0.630), Heilongjiang (0.255), and Anhui (0.115), was deleted. This test aims to check
whether the impact of LCPI on carbon emissions is influenced by weights and whether the results will
differ when a province is removed from the control group. In the iterations of predictors, a version of
Guangdong was iteratively reconstructed and a predictor was deleted at each iteration. This test aims
to check whether the results will differ when a predictor is removed.

Figure 7 presents the trajectory of the annual CO2 emissions of real Guangdong (solid line),
synthetic Guangdong (long dashed line) and leave-one-out estimates (short dashed lines). Regardless
of which iterative method was employed, the above figure shows that after removing the province
with the positive weight from the control group or removing a predictor from the variable group,
the CO2 emissions of synthetic Guangdong (leave-one-out) remained much higher than those of real
Guangdong, thereby suggesting that the results for the effects of LCPI on reducing the carbon emissions
of Guangdong do not vary across the provinces in the control group or the changes in the predictors.
In sum, the results of the previous analysis are fairly robust.

  
(a) (b) 

Figure 7. Leave-one-out distribution of the synthetic control for Guangdong. (a) Results based on the
iterations of regions, and (b) results based on the iterations of predictors.

4. Discussion

As the world’s top energy consumer and carbon emitter, China’s carbon emissions policies,
including LCPI, have important impacts on global climate change. Accurately assessing the effectiveness
of these policies has important policy implications for China and the world in their pursuit to address
global warming. This article selected Guangdong Province as the study area given that this province
has the largest economic scale, population size and carbon emissions amongst China’s low-carbon
pilot provinces. The synthetic control method was applied to determine whether the implementation
of LCPI reduced the carbon emissions of Guangdong. For the entire 2010–2015 period, the carbon
emissions of Guangdong were reduced by approximately 10% as a result of the implementation of
LCPI in July 2010. This policy had the greatest impact on the carbon emissions of manufacturing
industries but had little impact on carbon emissions from energy production. Meanwhile, the placebo
studies and robustness test confirmed that the findings are fairly robust.

This work differs from the previous literature in three ways. Firstly, to make the results closer
to objective facts, instead of estimating carbon emissions, more uniform and authoritative carbon
emissions data at the provincial level were collected from CEADs. Data-driven procedures instead of
subjective selection were also employed to construct suitable comparison groups based on the synthetic
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control method. Secondly, the impact of low-carbon pilots on carbon emissions from different sources
in Guangdong, including energy production and manufacturing industries, was analyzed. Thirdly, the
findings of this work reveal that the impact of LCPI on China’s regional carbon emissions does not
increase every year. The impact of this policy on Guangdong’s carbon emissions reached its maximum
in 2013, after which Guangdong’s carbon emissions began to rise and the impact of low-carbon pilots
began to decline.

These results also offer several policy implications. Firstly, policy support and low-carbon action
are necessary for reducing regional carbon emissions. Given that carbon is mainly produced via
the consumption of fossil energy, a low-carbon development model characterized by low energy
consumption, low pollution and low emissions must be developed to fundamentally solve the problem
of global warming. The transformation of this model is inseparable from the power of the government,
especially for China, which has a high concentration of administrative power.

Secondly, low-carbon policies must be constantly adjusted during their implementation.
These policies must not be static and must keep pace with the times. The government must adjust the
content of its low-carbon policies based on feedback in order to continuously optimize such policies
and ensure their contributions to reducing regional carbon emissions.

Thirdly, the successful low-carbon action experiences in low-carbon pilot areas are worth learning
and promoting in other regions. The significance of LCPI lies not only in its goal to achieve a quantitative
emission reduction but also in its exploration of low-carbon development models through pilots, its
search for effective and sustainable emission reduction methods and the accumulation of relevant
experiences that can be popularized on a larger scale. Since the implementation of LCPI, the low-carbon
pilot areas have accumulated many useful experiences in low-carbon development through practice.
For example, Guangdong explored a low-carbon development model with low-carbon industry
and low-carbon technologies as the core, low-carbon energy as the support and low-carbon energy,
low-carbon transportation, low-carbon buildings and low-carbon lifestyle as the base. A series of
auxiliary systems, including a total carbon emission control system, inclusive low-carbon system and
carbon emissions trading system, was also implemented in the province to reduce its carbon emissions.
Guangdong also launched the ‘nine plus two’ carbon cooperation mechanism in the Pan-Pearl River
Delta region to transform itself into the first low-carbon pilot province in China. These practices can
greatly help the other regions of China in establishing a low-carbon economy.

Social scientists are always looking for ways to accurately evaluate the effectiveness of policies.
This paper uses a quantitative analysis model, namely, the synthetic control method, to evaluate the
impact of low-carbon pilot initiatives on regional carbon emissions as well as builds its comparison
groups through data drivers instead of subjective selection to enhance the objectivity and accuracy of
the estimations. However, the synthetic control method has several limitations. For instance, when
constructing a synthetic object, all objects in the control group must have a positive weight and sum of
1. Therefore, the restrictions on weights must be relaxed and negative weights must be incorporated in
future attempts to improve such method. In addition, LCPI has been implemented for nearly nine
years, and future studies may present a summarization of experiences and popularize such policy to
achieve a comprehensive low-carbon development.
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Abstract: Based on the carbon emission data in the Beijing–Tianjin–Hebei urban agglomeration from
2007 to 2016, this paper used the method of social network analysis (SNA) to investigate the spatial
correlation network structure of the carbon emission. Then, by constructing the synergetic abatement
effect model, we calculated the synergetic abatement effect in the cities and we empirically examined
the influence of the spatial network characteristics on the synergetic abatement effect. The results
show that the network density first increased from 0.205 in 2007 to 0.263 in 2014 and then decreased to
0.205 in 2016; the network hierarchy fluctuated around 0.710, and the minimum value of the network
efficiency was 0.561, which indicates that the network hierarchy structure is stern and the network has
good stability. Beijing and Tianjin are in the center of the carbon emission spatial network and play
important “intermediary” and “bridge” roles that can have better control over other carbon emission
spatial spillover relations between the cities, thus the spatial network of carbon emissions presents
a typical “center–periphery” structure. The synergetic abatement effect increased from −2.449 in
2007 to 0.800 in 2011 and then decreased to −1.653 in 2016; the average synergetic effect was −0.550.
This means that the overall synergetic level has a lot of room to grow. The carbon emission spatial
network has a significant influence on the synergetic abatement effect, while increasing the network
density and the network hierarchy. Decreasing the network efficiency will significantly enhance the
synergetic abatement effect.

Keywords: carbon emissions; spatial network; synergetic abatement; Beijing–Tianjin–Hebei urban
agglomeration; SNA

1. Introduction

With the carbon dioxide concentration in the atmosphere increasing, a series of problems, such
as global warming, glacier melting, sea level rise, and so on, have been triggered, which pose a
serious threat to the sustainable development of human society and the security of the ecology and
the environment [1]. The signing of the Paris Agreement demonstrates the determination of the
international community to actively cope with global climate change. The signatories agreed to control
the average rise of the global temperature within less than 2 ◦C above the pre-industrial level and to
strive to control the temperature rise within 1.5 ◦C above the pre-industrial level. However, the annual
Greenhouse Gas Bulletin issued by the World Meteorological Organization in 2017 pointed out that
the average level of carbon dioxide in 2016 was 145% of that of pre-industrialization, and the average
concentration of carbon dioxide in the world reached 403.3 parts per million, which surpassed the
historical record [2]. This shows that working to reduce greenhouse gas emissions, mainly composed
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of carbon dioxide, and promote the coordinated development of the socio-economic and ecological
environment are still major issues that need to be solved urgently in all countries of the world.

As the largest developing country in the world, China has become one of the largest carbon
emitters [3,4]. How to deal with this contradiction between development and the environment in
China has always been a global focus [5]. In order to solve this problem, the government of China
is committed to achieving the goal of cutting carbon-emitting intensity by 40–45% before 2020 and
plans to reach the peak of carbon emissions around 2030. Because of the vast territory of China and the
differences in the development level of each region, natural resources endowment, and geographical
environment [6], it is difficult for all regions to achieve the low-carbon development goals formulated by
the state in the same way [7]. Therefore, finding a coordinated development path in terms of economy,
society, and the ecological environment that is suitable for China’s national conditions is the major
premise for achieving the goal of carbon emission reduction. In fact, China is currently implementing
a series of regional and spatial development strategies, such as the synergetic development of Beijing,
Tianjin, and Hebei and the construction of the Yangtze River Economic Zone [8]. The spatial correlation
of carbon emissions has broken through the traditional linear model and is gradually presenting a
nonlinear spatial structure with complex network structure characteristics. Thus, in order to adhere to
green and low-carbon development, it is an important policy for China to establish a new mechanism
of regionally coordinated development with urban agglomerations as the main body [9]. Against this
background, this paper chose the Beijing–Tianjin–Hebei urban agglomeration as the research area,
focusing on the spatial network characteristics of carbon dioxide emissions and the synergetic emission
reduction effect. Based on the relational data and network analysis perspective, this took the spatial
correlation of carbon emissions as the breakthrough point, analyzing the spatial network structure
and the effect of its carbon emissions with the help of the social network analysis method. This aimed
at formulating emission reduction policies that are more in line with regional characteristics in the
implementation of a regional coordinated development strategy in China, as well as providing a
reference and basis for achieving synergetic emission reduction among regional cities.

2. Literature Review

Carbon emissions have always been a hot issue in academic research and also a key issue
in regional socio-economic development. Early studies focused on the relationship between
carbon emissions and economic development [10,11] and systematically explored the principles
and mechanisms of carbon emission reduction [12,13]. On this basis, scholars at home and abroad
have made great research achievements regarding carbon-emission intensity [14], carbon emission
performance [15], carbon emission quota [16], and factors affecting carbon emissions [17]. According
to recent studies, the spatial effects of carbon emissions have become an important research subject.
Many scholars use exploratory spatial data analysis (ESDA) to examine the characteristics of the spatial
correlation and spatial agglomeration of carbon emissions at the regional level. Grunewald et al.
explored the driving factors for the formation of spatial differences in carbon emissions and found that
energy intensity and energy structure were the main reasons for these spatial differences [18]. Marbuah
and Mensah took 290 urban districts in Sweden as research areas. Statistical tests were carried
out to analyze the spatial correlation of several pollutants, including carbon dioxide. The results
showed that the spatial spillover effect was the main driving factor of the environmental Kuznets
curve [19]. Through spatial econometrics, Wu studied the temporal and spatial pattern and evolution
mechanism of carbon emission reduction in different provinces of China and analyzed the emission
reduction characteristics of key provinces [20]. Wang et al. constructed spatial econometric models,
which were based on patent data about energy conservation and emission reduction and economic
externalities of spatial units that were transplanted into CO2 emissions research [21]. Yan et al. used
the undesirable-slacks-based measure (SBM) model and evaluated the carbon emission efficiency [22].
You et al. applied the spatial panel method to address the problems of spatial dependency and the
spillover effect among neighboring countries [23]. Sun et al. divided China into resource-based
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and non-resource-based areas according to their industrial development level. Using the equity
measurement method, the dynamic differences of regional carbon emissions were discussed and the
causes of profit-loss deviation were revealed [24]. Wang et al. estimated the spatial dependence of the
carbon emission reduction potential at the provincial level, combined with the economic weight matrix
and the novel spatial panel data model [25]. Zhang et al. used Arc GIS to calculate the carbon emission
and absorption rates in China’s Beijing–Tianjin–Hebei agglomeration [26]. From the perspective of
research methods, some studies used social network analysis (SNA) [27–29] to analyze the regional
carbon emission spatial network structure. Most of the research on carbon emissions focuses on carbon
emission measurement and decomposition, carbon emissions’ influencing factors, and carbon emission
efficiency [30–32]. When using traditional spatial measurement methods to analyze carbon emissions
and their influencing factors, most of the literature only considers geographically similar factors.
An increasing number of researchers have proved that carbon emissions do not exist independently
in various regions but in a certain spatial correlation. Existing research often considers the spatial
correlation of carbon emissions from the perspective of provinces or regions and from the empirical
study of “attribute data” of carbon emissions. They do not reveal the linkage structure between regions
from the perspective of “relational data”. In addition, there are a few issues involved with the synergy
effect of carbon emission reduction among regions and how to strengthen the synergy of regional
emission reduction.

In summary, previous studies have thoroughly explored the issue of carbon emissions and
revealed the spatial correlation characteristics and spatial differences of carbon emissions to a certain
extent, which has laid the foundation for the study of regional synergetic carbon emission reduction.
However, the “relational data” have more analytical value, as they often determine the performance
of the “attribute data”. Therefore, on the basis of existing research, this paper uses the social
network analysis method to comprehensively deconstruct the spatial network characteristics of carbon
emissions in the urban agglomeration of Beijing, Tianjin, and Hebei, to analyze its synergetic emission
reduction effect. On this basis, the proposal of synergetic carbon emission reduction in an urban
agglomeration is put forward in order to understand the spatial correlation of carbon emissions as a
whole and to reveal the interconnected network structure of carbon emissions among regions and its
impact on synergetic carbon emission reduction. This can provide a decision-making reference for
achieving the goal of coordinated regional carbon emission reduction and formulating corresponding
carbon emission reduction policies.

3. Research Methods and Sources of Data

3.1. Construction of a Spatially Relevant Network of Carbon Emissions

Social network analysis is a quantitative analysis method for relational data, which has been
widely used in sociology, economics, management, and other disciplines. It takes “relationship” as
the basic unit of analysis and expresses the interaction among members as a pattern or rule based on
the relationship by studying the network relationship. The confirmation of relationships is the key to
the analysis of social networks. Currently, the methods of describing spatial correlation are mainly
the Granger Causality test based on the VAR model and the gravitational model or the improved
gravitational model [33–36]. This paper uses the improved gravity model to construct the spatial
correlation network of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei, as the
VAR model is too sensitive to the selection of lag order, which would reduce the accuracy of the
characterization of the network structure characteristics [37–39]. In addition, the gravitational model is
not only applicable to the total data, but also can take economic and geographical factors into account.
The basic model is:

Gij =
Ci

Ci + Cj
×

3
√

PiCiEi 3
√

PjCjEj( Dij
ei−ej

)2 . (1)
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In Formula (1), i and j indicate i city and j city in the urban agglomeration of Beijing–Tianjin–Hebei
respectively; Gij indicates the carbon emission gravity between cities; Ci and Cj indicate the carbon
emission of i city and j city, respectively; Pi and Pj indicate the total population of i city and j city,
respectively; Ei and Ej indicate the gross product of i city and j city, respectively; Dij indicates the
spatial distance between i city and j city; ei and ej indicate the per capita production of i city and j city,

respectively.
Dij

ei−ej
Value means “economic distance” between i city and j city.

According to Formula (1), the gravitational matrix of carbon emissions of the urban agglomeration
of Beijing–Tianjin–Hebei can be calculated, then the average value of each row of the gravitational
matrix can be taken as the critical value. If the gravity is higher than the average value, then the value
is taken as 1, which indicates that there is a correlation between the city in this row and the carbon
emission of the city in this column. In contrast, if the gravity is lower than the average value, the
value is taken as 0, indicating that there is no correlation between the two. Thus, the spatial correlation
matrix of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei can be constructed.

3.2. Characteristic Index of the Spatial Network of Carbon Emissions

In social network analysis, four indicators—network density, network correlation degree, network
hierarchy, and network efficiency—are commonly used to reflect the overall characteristics of the
network structure, while for the individual network structure characteristics, degree centrality and
intermediary centrality are used to describe them [40,41].

For the structural characteristics of the entire network, if N is the number of urban nodes in the
carbon emission network of the urban agglomeration of Beijing–Tianjin–Hebei, the largest number of
possible correlations in the network is N × (N − 1); if the number of actual correlations in the network
is M, the density of the network can be expressed as follows:

Dn = M/[N × (N − 1)]. (2)

Network density reflects the closeness of the entire network structure. The greater the network
density, the closer the relationship between the carbon emissions of the cities in Beijing, Tianjin, and
Hebei and the greater the impact of the network structure on the carbon emissions of the cities.

If the number of pairs of unreachable points in the network is V, the formula for calculating the
degree of network correlation is as follows:

C = 1 − V/[N × (N − 1)/2]. (3)

The network correlation degree reflects the robustness and vulnerability of the spatial network
of carbon emissions. The greater the network correlation degree, the greater the direct or indirect
correlation between the cities in the spatial network of carbon emissions of the urban agglomeration
of Beijing–Tianjin–Hebei.

If the number of pairs of symmetrically reachable points in the network is K, max(K) is the number
of pairs of the most possible symmetrically reachable points in the network. Then, the hierarchy of the
network can be expressed as:

H = 1 − K/max(K). (4)

Network hierarchy describes the degree of asymmetric accessibility of cities in the network. The
higher the network hierarchy, the stricter the hierarchical structure among the cities. Only a few cities
are in the dominant position in the network.

If M is the number of redundant lines in the network, max(M) is the maximum possible number
of redundant lines. The formula for calculating the network efficiency of the network is as follows:

E = 1 − M/max(M). (5)
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Network efficiency characterizes the connective efficiency between cities in the network. The
lower the network efficiency, the more links that exist between cities in the network. Therefore, their
carbon emissions are closely related, generating more channels of spatial spillover.

For the structural characteristics of the individual network, if di is the number of direct correlations
existing between i city and other cities in the carbon emission network of the urban agglomeration of
Beijing–Tianjin–Hebei, then the degree of centrality of i city can be expressed as:

Cd(i) = d(i)/(N − 1). (6)

Point-degree centrality measures the degree to which the cities of Beijing, Tianjin, and Hebei
are at the center of the spatial correlation network of carbon emissions. The greater the degree of
point centrality, the more the city is at the center of the network and the more connections it has with
other cities.

If gjk is the number of relationship paths between j city and k city and gjk(i) is the number of cities
to pass through the relationship paths between j city and k city, the formula for calculating the degree
of intermediary centrality of cities is as follows:

Cb(i) =

2 ∑
j<k

[gjk(i)/gjk]

(N − 1)(N − 2)
. (7)

The degree of intermediary centrality reflects the extent to which a city in the network can control
the relationship between the other cities. The greater the degree of intermediary centrality, the stronger
the “intermediary” role the city plays in the network, thus the greater the extent to which it can control
the correlation of carbon emissions of other cities [42].

3.3. Synergetic Effect Model of Carbon Emission Reduction

Due to externalities, the problem of environmental pollution needs to be treated through regional
coordination in order to make fundamental achievements. In the process of regional coordinated
emission reduction, regions with higher economic development levels and lower pollution levels are
regarded as learning examples for other regions [43]. If other regions can change the direction and
extent of pollutant emission in the same direction as the benchmark areas, the benchmark effect of
coordinated emission reduction will exist among the regions [44,45]. Considering this, this paper chose
Beijing, the central city of the urban agglomeration of Beijing–Tianjin–Hebei, as the benchmark area of
carbon emission reduction and used the methods of Cerqueira and Martins to construct the synergetic
effect model of carbon emission reduction of the urban agglomeration of Beijing–Tianjin–Hebei [46].

Corrbi,t = 1 − 1
2

⎡
⎢⎢⎢⎢⎣

(cb,t − cb)√
1
t

t
∑
1
(cb,t − cb)

2

− (ci,t − ci)√
1
t

t
∑
1
(ci,t − ci)

2

⎤
⎥⎥⎥⎥⎦

2

(8)

In Formula (8), Corrbi,t shows the synergetic effect of carbon emission reduction of i city of the
urban agglomeration of Beijing–Tianjin–Hebei for the year and the central city, Beijing. The closer the
value is to 1, the higher the synergy between the i city and the central city, Beijing. cb,t indicates the
total annual carbon emissions of Beijing for the t year and cb is the average annual carbon emissions of
Beijing for the t year. ci,t indicates the total annual carbon emissions of i city in the urban agglomeration
of Beijing–Tianjin–Hebei for the t year and ci shows the average annual carbon emissions of i city in
the urban agglomeration of Beijing–Tianjin–Hebei.
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3.4. Sources of Data

This paper takes 13 cities, including Beijing, Tianjin, Shijiazhuang, Chengde, Zhangjiakou,
Qinhuangdao, Tangshan, Langfang, Baoding, Cangzhou, Hengshui, Xingtai, Handan, as the research
objects. The research time ranges from 2007 to 2016—10 years in total. The data of economy, population,
and energy consumption of each city come from the statistical annals of Chinese cities, the statistical
annals of China’s energy resources, the statistical annals of Beijing, Tianjin, and Hebei, and the statistical
annals and bulletins of Hebei cities in each year; these data are properly referred to.

Considering the lack of statistical data on carbon dioxide emissions at the urban level, this paper
adopts the simplified estimation method of carbon dioxide emissions based on apparent energy
consumption in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories to calculate
the carbon dioxide emissions of each city in the urban agglomeration of Beijing–Tianjin–Hebei.
The calculation formula is as follows:

Eco2 = ∑
i
(Ei × Vi × Fi × Oi)× 44

12
, (9)

where Eco2 is the total amount of carbon dioxide emissions generated by energy consumption, Ei is
the apparent consumption of the i energy, Vi is the low calorific value of the i energy, Fi is the carbon
emission factor of the i energy, and Oi is the oxidation rate of the energy. The conversion coefficient of
44
12 converts the carbon atom mass to the carbon dioxide molecular mass. Considering the availability of
the data, this paper chooses several kinds of energy sources—coal, coke, crude oil, gasoline, kerosene,
diesel, raw oil, liquefied petroleum gas, and natural gas—to calculate the carbon dioxide emissions of
each city in the urban agglomeration of Beijing–Tianjin–Hebei [47–50]. Among them, the correlation
coefficients of various energy sources are mainly derived from the data published in the 2006 IPCC
Guidelines for National Greenhouse Gas Emissions Inventories.

4. Calculation Results and Analysis

4.1. Characteristic Analysis of the Spatial Network of Carbon Emissions

According to the improved gravity model of Formula (1) mentioned above, the carbon emission
gravity matrix of the urban agglomeration of Beijing–Tianjin–Hebei is primarily calculated and
converted into a spatial correlation matrix. In order to more effectively demonstrate the structure of the
spatial correlation network of carbon emissions of the urban agglomeration of Beijing–Tianjin–Hebei,
this paper draws a spatial correlation network of carbon emissions in 2016 by using the visualization
tool Net-draw from the software UCINET6.0 ( UCINET v6.0, Analytic Technologies, Lexington, KY,
USA). The specific results of the network are shown in Figure 1.
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Figure 1. Spatially relevant network of carbon emissions of the urban agglomeration of
Beijing–Tianjin–Hebei in 2016.

As is shown in Figure 1, the spatial correlation network of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei takes on a typical “center–periphery” structure. There are
32 correlations among the 13 cities and there is at least one spatial correlation among each city,
which indicates that the carbon emissions of each city are generally related in space, and the
urban agglomeration of Beijing–Tianjin–Hebei has a relatively stable spatial network structure of
carbon emissions.

In order to further investigate the spatial network characteristics of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei, the network density, network correlation, network hierarchy,
network efficiency, point degree centrality, and intermediary centrality were calculated based on
Formula (2–7). The spatial network characteristics of carbon emissions of the urban agglomeration
of Beijing–Tianjin–Hebei from 2007 to 2016 were analyzed from two aspects: The entire network’s
characteristics and individual centrality. Firstly, the overall characteristics of the spatial network of
carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei were calculated; the specific
results are shown in Figure 2.
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Figure 2. Overall characteristic indicators of the spatial network of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei from 2007 to 2016.

According to the results of Figure 2, the network density of the spatial network of carbon emissions
in the urban agglomeration of Beijing–Tianjin–Hebei increased first and then decreased from 0.205
in 2007 to 0.263 in 2014, then to 0.205 in 2016. The increase of network density shows that the carbon
emission links between the cities of Beijing, Tianjin, and Hebei are getting closer, but the network
density has declined since 2014, which indicates that the spatial links of carbon emissions in the
urban agglomeration of Beijing–Tianjin–Hebei have been reduced and it is imperative to enhance the
coordinated emission reduction among the cities. On the other hand, the correlation degree of the
spatial network of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei over the
years is 1, which indicates that the structure of the carbon emission network of the urban agglomeration
of Beijing–Tianjin–Hebei is stable, there is general spatial correlation and spillover, and the network
accessibility is good. From 2007 to 2016, the network hierarchy fluctuated around 0.710, which indicates
that, in the spatial network of carbon emissions, the hierarchical structure between the cities of Beijing,
Tianjin, and Hebei is stricter and only a few cities are in the center of the network. The network
efficiency shows an oscillatory trend, with a minimum value of 0.561 and a maximum value of 0.697.
The value of the comprehensive network efficiency is relatively high, which indicates that there are
more redundant connections in the network and there are many overlaps in the spatial spillover of
carbon emissions. This also means that the existing network correlation can maintain the stability
of the network. The results indicate that the carbon emission spatial correlation is increasingly close
in the urban agglomeration. This result may have originated from China, which put forward the
goal of energy conservation and emission reduction starting in 2006. The carbon emission spatial
correlation was enhanced as the adjustment of the energy and industrial structure, the energy flow,
and the industrial transfer among the cities were gradually increased.

To compare with the existing research [27–29] on China’s provincial carbon emission spatial
network, our analysis shows that in the process of China’s current urban agglomeration development,
there also exists a stable and complex carbon emission spatial network structure and correlation
relationship among the cities in the urban agglomeration. The difference is that, in the national carbon
emission spatial network, the network hierarchical structure is gradually broken and an increasing
number of small provinces have changed the subordinate and edge positions in the network. However,
as the results show in Figure 2, the large cities are still in the center position and have the control status.
In other words, under the influence of the carbon emission spatial network, in order to improve the
carbon emission reduction efficiency of the urban agglomeration, the small cities in Hebei province
also need to take actions to change the subordinate and edge positions in the network. Only focusing
on the emission reduction measures of the large cities, such as Beijing and Tianjin, will not produce a
long-term mechanism for the realization of the regional emission reduction goals.
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Furthermore, according to Formula (6,7), two indices of each city in the urban agglomeration of
Beijing–Tianjin–Hebei—point degree centrality and intermediary degree—are calculated. Individual
centrality of the carbon emission network in the urban agglomeration of Beijing–Tianjin–Hebei is
analyzed but, due to the limitation of the length of the paper, only the calculation results of 2016 are
given, as shown in Table 1.

Table 1. Individual centrality analysis of the spatial network of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei in 2016.

City Out Degree In Degree
Degree

Centrality (%)
Rank

Betweenness
Centrality (%)

Rank

Beijing 2 9 91.667 1 7.071 2
Tianjin 3 9 91.667 1 15.404 1

Shijiazhuang 4 1 33.333 3 0.253 6
Chengde 2 0 16.667 9 0.000 8

Zhangjiakou 2 0 16.667 9 0.000 8
Qinhuangdao 3 0 25.000 5 0.000 8

Tangshan 2 1 25.000 5 0.000 8
Langfang 2 2 16.667 9 1.010 3
Baoding 2 3 25.000 5 1.010 3

Cangzhou 2 1 16.667 9 0.253 6
Hengshui 2 0 16.667 9 0.000 8

Xingtai 3 2 33.333 3 0.758 5
Handan 3 0 25.000 5 0.000 8

From the results of Table 1, we can see that only three of the 13 cities, Tianjin, Beijing, and Baoding,
in the urban agglomeration of Beijing–Tianjin–Hebei have a higher point-in degree than point-out
degree. They belong to the recipient subject in the spatial network correlation of carbon emissions,
while the other ten cities have a higher point-out degree than point-in degree, belonging to the spillover
subject in the spatial network correlation of carbon emissions. From the results of the point-degree
centrality, the point-degree centrality of Beijing and Tianjin is up to 91.667, which is obviously higher
than that of other cities. This shows that Beijing and Tianjin are in the central position in the carbon
emission network and have more links with other cities. The cities with a relatively small degree of
centrality tend to send out a carbon emission correlation to the cities with a larger degree of centrality.
In terms of the intermediary centrality, Tianjin and Beijing still ranked in the first two places, with
15.404 and 7.071, respectively. The results of the other cities are far lower than those of Tianjin and
Beijing. It can be seen that Beijing and Tianjin, which lie in the center of the network, also play an
important role of “intermediary” and “bridge” in the spatial network of carbon emissions, while the
other cities are in a weaker position in the network. This is mainly because, as the two core cities
in the urban agglomeration of Beijing–Tianjin–Hebei and compared to the cities of Hebei Province,
Beijing and Tianjin have benefited in terms of economic development, industrial structure, energy
consumption, and so on. This reveals that there is a significant carbon emission spatial transfer trend
from energy-rich cities to economically developed cities in China. Therefore, synergetic promotion
of inter-city carbon emission control will be the key work of the coordinated development of Beijing,
Tianjin, and Hebei in the future [51,52]. It is essential to analyze the synergetic emission reduction
effect in the urban agglomeration of Beijing–Tianjin–Hebei on the basis of clarifying the characteristics
of the spatial network of carbon emissions in Beijing, Tianjin, and Hebei.

4.2. Analysis of the Synergetic Effect of Carbon Emission Reduction

Based on the synergetic effect model of Formula (8) mentioned above, choosing Beijing as the
learning benchmark, the synergetic effect of carbon emission reduction in the urban agglomeration of
Beijing–Tianjin–Hebei was calculated from 2007 to 2016. The specific results are shown in Table 2.
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Table 2. The synergetic effect of carbon emission reduction in the urban agglomeration
of Beijing–Tianjin–Hebei.

City 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Mean

Tianjin −2.404 −2.071 −1.100 0.705 0.827 0.711 −0.457 0.047 −0.424 −0.550 −0.466
Shijiazhuang −2.562 −1.728 −0.277 0.033 0.862 0.619 −1.025 0.135 −0.287 −0.384 −0.461

Chengde −2.682 −1.031 −0.922 −0.326 0.995 0.998 0.514 −0.996 −2.040 −3.021 −0.869
Zhangjiakou −3.378 −1.581 −0.709 0.367 0.969 0.723 −0.471 −0.041 −0.385 −1.859 −0.637

Qinhuangdao −2.722 −1.969 −0.801 0.262 0.856 0.795 0.663 0.040 −0.508 −3.987 −0.737
Tangshan −3.116 −1.107 −0.246 0.515 0.613 0.440 −0.483 0.330 0.598 −0.569 −0.302
Langfang −2.510 −1.662 −0.799 −0.004 0.994 0.844 −0.052 0.107 −2.961 −1.009 −0.705
Baoding −2.136 −2.123 −0.417 0.418 0.821 0.416 −0.820 0.530 −0.378 −0.199 −0.389

Cangzhou −2.585 −2.063 −0.669 0.519 0.621 0.654 −0.485 0.597 −0.012 −1.454 −0.488
Hengshui −1.972 −2.303 −1.037 0.300 0.799 0.542 −0.466 0.619 −0.223 −2.079 −0.580

Xingtai −0.803 −2.985 −0.753 0.165 0.532 0.464 −0.184 0.876 0.093 −2.126 −0.472
Handan −2.513 −1.614 −0.697 0.365 0.706 0.380 −0.230 0.626 0.523 −2.421 −0.488

Mean −2.449 −1.849 −0.702 0.277 0.800 0.632 −0.290 0.239 −0.500 −1.653 −0.550

Based on the results of Table 2, the closer the value is to 1, the higher the synergy between the
related city and the central city, Beijing. We can see that the synergetic effect of carbon emission
reduction in the urban agglomeration of Beijing–Tianjin–Hebei shows a trend of rising first and then
declining. The average level of synergetic effect increased from −2.449 in 2007 to 0.800 in 2011, and
then decreased to −1.653 in 2016. This is mainly because Beijing, as the national political, cultural,
and technological innovation center, has been capable of controlling its carbon emissions within a
reasonable level for a long time, while other cities in the urban agglomeration of Beijing, Tianjin, and
Hebei are in the process of industrialization and urbanization and the level of carbon emissions in
all other regions shows a trend of continuous growth [9]. With the improvement of economic ties,
the interests of related cities and Beijing are more closely linked. If a city continues to follow the
original development path of high pollution and high emission, Beijing, which has a larger economic
volume, can respond by reducing the purchase of polluting products, thus forcing the city to follow the
benchmark of Beijing in terms of their production mode. In the past ten years, the average synergetic
effect in the urban agglomeration of Beijing–Tianjin–Hebei was −0.550. There is still much room to
improve the overall synergetic level. From the perspective of each city, the synergetic effect of carbon
emission reduction is significant. The synergetic effect of carbon emission reduction between Tianjin,
Shijiazhuang, Tangshan, Baoding, Xingtai, and other cities and Beijing is relatively high. With the
further promotion of a coordinated development strategy of Beijing, Tianjin, and Hebei, a crucial
mission in the future will be to change the economic development mode of high investment, high
consumption, and high emission and to establish an effective mechanism of coordinated emission
reduction through relieving the non-capital functions of Beijing and upgrading the industrial transfer
in Beijing.

As mentioned above, structural data usually determine the performance of the attribute data.
Based on a clear description of the spatial network of carbon emissions in the urban agglomeration of
Beijing–Tianjin–Hebei and an in-depth analysis of the synergetic emission reduction effect in the urban
agglomeration of Beijing, Tianjin, and Hebei, this paper chose the annual average of the synergetic
emission reduction effect from 2007 to 2016 in the Beijing–Tianjin–Hebei urban agglomeration as the
explained variable, respectively, and chose the network intensity, network hierarchy, and network
efficiency from 2007 to 2016 as the explanatory variables. We carried out the ordinary least square
(OLS) regression, aiming to reveal the impact of the overall structure of the spatial network on the
synergetic emission reduction effect. The regression results are shown in Table 3.
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Table 3. The regression results of the relationship between the carbon emission network and synergetic
emission reduction effect in the urban agglomeration of Beijing–Tianjin–Hebei.

Explanatory Variables Model (1) Model (2) Model (3)

Constant Term −8.457 ** 6.646 * 7.540 **
Network Density 31.809 ** — —

Network Hierarchy — −10.283 * —
Network Efficiency — — −13.613 **

R2 0.441 0.173 0.448
F-statistic 6.312 1.671 6.480

Note: ** and * indicate that the effect is significant within the levels of 5% and 10% respectively.

According to the results of Table 3, the regression coefficients of network density, network
hierarchy, and network efficiency of the spatial correlation of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei are 31.809, −10.283, and −13.613, respectively, which indicate
that the spatial network of carbon emissions has a significant impact on the synergetic effect of carbon
emission reduction. The increase in network density and the decrease in network hierarchy and
network efficiency will significantly strengthen the synergetic effect of carbon emission reduction. This
is mainly because the increase in network density means that the number of relationships in the whole
network will increase, which will help to limit and narrow the spatial differences of carbon emissions
among cities in the network. The decline of the network hierarchy will gradually break down the strict
hierarchical structure among cities in the network, and the former subordinate and marginal cities will
have more discourse power. Additionally, the decline in network efficiency shows the increase of links
in the spatial network of carbon emissions, which will eliminate the comparative advantages of some
cities in the network in terms of carbon emissions and in turn increase the synergetic effect of carbon
emission reduction.

5. Conclusions and Policy Implications

5.1. Main Conclusions

Based on the data of 13 cities in the urban agglomeration of Beijing–Tianjin–Hebei from 2007
to 2014, this paper adopted the improved gravitational model to characterize the spatial correlation
of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei. On this basis, the spatial
characteristics of the carbon emission network in the urban agglomeration of Beijing–Tianjin–Hebei
were investigated by using the analysis method of the social network. Then, a synergetic effect model
of carbon emission reduction was constructed to analyze the synergetic emission reduction in the
urban agglomeration of Beijing–Tianjin–Hebei. The main conclusions are as follows:

(1) During the research, the spatial correlation network of carbon emissions in the urban
agglomeration of Beijing–Tianjin–Hebei presented a typical “center–periphery” structure. From the
overall structure of the network, the network density showed a trend of first rising and then declining
and the spatial relationship of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei
still needs strengthening. The results of the network correlation degree show that the network
accessibility in the urban agglomeration of Beijing–Tianjin–Hebei is in good condition; the results
of the network hierarchy show that in the spatial network of carbon emissions, the hierarchical
structure among the cities of Beijing, Tianjin, and Hebei is stricter. Network efficiency showed an
oscillating trend, and its value was generally higher. These results indicate that the spatial correlation
of carbon emissions has broken through the traditional geographical limitation, showing a complex
multi-threaded spatial network correlation, with many overlapping phenomena in the spatial spillover
of carbon emissions. The spatial correlation network structure of carbon emissions in the urban
agglomeration has gradually stabilized.

(2) Based on the characteristics of network individual centrality, only three of the 13 cities, Tianjin,
Beijing, and Baoding, in the urban agglomeration of Beijing–Tianjin–Hebei belong to the recipient
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subject in the spatial network correlation of carbon emissions. Beijing and Tianjin are in the center
position of the network in the spatial network of carbon emissions. They also play an important role of
“intermediary” and “bridge”, while other cities are weaker in the spatial network of carbon emissions.

(3) During the research, the synergetic effect of carbon emission reduction in the urban
agglomeration of Beijing–Tianjin–Hebei showed a trend of rising first and then declining. The
average value of the synergetic effect of carbon emission reduction in the urban agglomeration of
Beijing–Tianjin–Hebei was −0.550 over the past ten years. There is still much room to improve
the overall synergetic level. From the perspective of each city, the differences in terms of the
synergetic effect of carbon emission reduction were quite obvious. The synergetic effect of carbon
emission reduction between Tianjin, Shijiazhuang, Tangshan, Baoding, Xingtai, etc., and Beijing was
relatively high.

(4) The spatial network of carbon emissions has a significant impact on the synergetic effect of
carbon emission reduction. The increase in network density and the decrease in network hierarchy and
network efficiency will greatly enhance the synergetic effect of carbon emission reduction. Therefore,
enhancing the network structure of spatial correlation of carbon emissions in the urban agglomeration
of Beijing–Tianjin–Hebei is an important driving mechanism to narrow the spatial differences of carbon
emissions, improve the spatial equity of carbon emissions, and promote the coordinated emission
reduction in these regions.

This paper has made a comprehensive analysis and research on the spatial network characteristics
and synergetic abatement effect of the carbon emissions in Beijing–Tianjin–Hebei Urban Agglomeration.
While we have obtained some research results, and they are of a certain theoretical and practical
significance, due to the limitations of personal research ability, there may be still some deficiencies
in the paper. Firstly, considering the availability and computability of the data, we only selected the
primary energy consumption to calculate the carbon emissions, in the future, we will consider adding
more energy consumption data, such as the electricity energy into the formula to improve the carbon
emissions calculation. On the other hand, the confirmation of relationships is the key to the analysis
of social networks. Currently, this paper uses the improved gravity model to construct the spatial
correlation network of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei. Whether
there will be more advanced methods to determine the network relationships is worth exploring.

5.2. Policy Implications

With the further development of major regional development strategies such as the coordinated
development of Beijing, Tianjin, and Hebei, as well as the construction of the Yangtze River Economic
Zone, it is an inevitable choice to establish a coordinated mechanism for carbon emission reduction
across these regions for the realization of national low-carbon development goals in the future.
Comprehensive analysis of the spatial characteristics of carbon emissions and the synergetic emission
reduction effects in the urban agglomeration of Beijing–Tianjin–Hebei can provide solutions for the
cities in the Beijing, Tianjin, and Hebei provinces to formulate emission reduction policies based on
their piratical conditions in the process of synergetic development, in order to achieve the goal of
regional synergetic carbon emission reduction [7,53].

Through the research conclusions mentioned above, we can extract the following inspiration for
making policies: First, according to the structural characteristics of the “center–periphery” structure
of the spatial network of carbon emissions in the urban agglomeration of Beijing–Tianjin–Hebei,
we can establish a “lead–follow” type of synergetic emission reduction mechanism. In this type of
mechanism, Beijing and Tianjin are the overall leading areas of carbon emission reduction in the urban
agglomeration of Beijing–Tianjin–Hebei, while other cities act as the following areas of carbon emission
reduction to promote the synergetic control on carbon emission reduction [54]. Secondly, the above
research shows that it is difficult to achieve the long-term mechanism of carbon emission reduction
by only improving the carbon emission reduction targets of each individual city. It is an inevitable
choice to establish a transregional carbon emission reduction coordination mechanism to achieve
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future carbon emission reduction goals. Thus, we should continuously adjust and optimize the spatial
network structure of carbon emissions. At the same time, we should strictly control the total amount
of carbon dioxide emissions from the perspective of spatial relations and attach more importance to
improving the efficiency of the spatial allocation of resources by using market mechanisms, further
boosting the trial establishment of the trading of carbon-emission rights in Beijing and Tianjin, and
taking the cities in Hebei province into the scope of trading [1,3]. Finally, we should accelerate the
coordinated development strategy of Beijing, Tianjin, and Hebei, establishing the regional sharing
mechanism of emission reduction responsibility and the system of emission reduction compensation
as soon as possible [55]. While ensuring the economic growth of underdeveloped cities, we should
promote the convergence of the level of carbon emissions with the central city, Beijing, enhancing the
synergetic effect of carbon emission reduction.
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Abstract: The construction of a reasonable evaluation index system for low-carbon cities is an
important part of China’s green development strategy in urban areas. In this study, based on
the theoretical framework for the concept of low-carbon cities, the perspectives from three index
systems—that is, the Drivers, Pressures, State, Impact, Response model of intervention (DPSIR),
a complex ecosystem, and a carbon source/sink process—were integrated to extract common
indicators from existing evaluation index systems for low-carbon cities. Subsequently, a standardized
evaluation index system for low-carbon cities that contained five indicators—carbon emission,
low carbon production, low carbon consumption, low-carbon policy, and social economic
development—was established. Thereafter, Xiamen was selected for an empirical analysis
by determining the indicator weight with an entropy weight method and by carrying out a
comprehensive evaluation using a linear summation model. The results showed that the weights
of the five selected primary indicators for the evaluation of low-carbon cities were: low-carbon
production > low-carbon consumption > social economic development > carbon emission >
low-carbon policy. Among the secondary indicators, the average entropy weight of “pollution
emission” was the highest at 0.1591, while the average entropy weight of “urbanization rate” was
the lowest at 0.0360. Furthermore, the comprehensive index of low-carbon development in 2015 was
higher than that in 2010, while the rate of economic growth was greater than the growth rate of carbon
emission, which indicated that the relative decoupling of economic growth from carbon emission
was basically achieved.

Keywords: low-carbon city; evaluation index; standardization; entropy weight method; level

1. Introduction

In recent years, global warming has led to the gradual adoption of developmental models
involving green, low-carbon, and circular economies [1]. China has become the largest energy
producer and consumer in the world [2]. In 2016, China’s carbon emissions accounted for
27.3% of the world’s total carbon emissions, making China the world’s largest carbon emitter [3].
Cities are the main contributors to carbon emissions, accounting for 75% of total emissions, and this
proportion continues to rise with urbanization [4]. The UN’s publication, “Transforming our World:
the 2030 Agenda for Sustainable Development”, contains 17 sustainable development goals, and one
of the key objectives is to take urgent action to address climate change and its impacts and promote
sustainable development [5]. In the 2015 United Nations Climate Change Conference held in Paris,
China submitted the Intended Nationally Determined Contributions (INDC) documents, which stated
that China would reach its peak in CO2 emissions around 2030 and would strive to decrease its CO2

emission per unit Gross Domestic Product (GDP) in 2030 by 60–65% compared to that in 2005 [6].

Sustainability 2018, 10, 3751; doi:10.3390/su10103751 www.mdpi.com/journal/sustainability149
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In this context, the low-carbon development model has become the best choice for long-term global
development [7]. Scholars have conducted extensive research focused on low-carbon development,
and the evaluation of low-carbon cities has become a popular area of research. The study reviewed
the four representative international low-carbon indicator systems and 14 representative Chinese
low-carbon indicator systems. The primary indicators selected by scholars in constructing the index
system are mainly related to energy, economy, society, and environment. The scope of evaluation is
extensive, including an evaluation of the low-carbon development level of the world, the country,
and the city. The evaluation results provide a realistic basis for city decision makers and managers
to formulate and manage low-carbon development of cities, and may have a great role in promoting
the low-carbon development of cities (Table 1). However, the lack of adequate standards related to
low-carbon cities significantly constrains the strategic development, planning, and construction of
low-carbon cities.
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Therefore, based on a systematic review of existing index systems for low-carbon cities, this study
comprehensively compared the advantages and disadvantages of each index system. In addition,
by extracting reasonable common indicators and using relevant standards of urban construction
promulgated by the Chinese government as a reference, this study attempted to construct a
standardized evaluation index system for low-carbon cities. It is expected that this index system
can be used by urban-level management departments to evaluate low-carbon development within
cities, as well as by national-level management departments to evaluate and compare low- carbon
development among different cities, so that a better path for the development of low-carbon cities can
be explored.

2. Construction of the Index System

2.1. Theoretical Basis for Standardization of the Evaluation Index System

We conducted an in-depth comparison and systematic analysis of representative evaluation index
systems for low-carbon cities in China and elsewhere. Subsequently, all index systems were classified
into three categories according to the perspective from which the index system is constructed, while all
indicators in each category of index systems were then summarized according to their frequency
and commonality. It was found that the index systems were mainly constructed from the following
three perspectives:

2.1.1. Orientation from the Drivers-Pressures-State-Impact-Response (DPSIR) Model of Intervention

Some evaluation index systems for low-carbon cities were constructed based on the DPSIR
model, which emphasizes economic operations and their impact on the environment, as well as the
relationships between economic operations and the environment. The DPSIR model is comprehensive,
systematic, holistic, and flexible. Most of its “Drivers” are selected from the aspects of GDP,
industrial output, and disposable income, while its “Pressures” are mainly selected from the aspects
of resource consumption, energy consumption, and the mode of consumption. The “State” of the
DPSIR model is mainly selected from the aspects of pollutant discharge and industry/energy structure,
the “Impact” is mainly selected from the aspects of social development, ecological environment,
and public evaluation, and the “Response” is mainly selected from the aspects of pollution control and
carbon sink capacity (Table 2).

Table 2. Evaluation indicators of low-carbon cities, established based on the DPSIR model.

Category Most Frequently Selected Indicator

Drivers Gross regional product/per capita gross regional product, per capita
disposable income of urban residents, urbanization rate

Pressures

Unit GDP energy/electricity/water consumption, per capita
energy/water/electricity consumption, energy/electricity/water
consumption per unit of industrial added value, public transportation
vehicles per 10,000 people

State Unit GDP carbon emissions, per capita carbon emissions, percentage of
tertiary industry in GDP

Impact Number of days with good or adequate ambient air quality,
Engel coefficient, public perception of low-carbon cities

Response Forest coverage, green coverage of built-up areas, per capita public
green space

Source Index: [22–24,29].

The evaluation index systems constructed based on the DPSIR model summarizes the
development level of low-carbon cities in terms of Drivers, Pressures, State, Impact, and Response.
Such index systems help to facilitate an intuitive understanding of the assuring factors, problems,
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status quo, and countermeasures required to maintain the development of low-carbon cities. As a
result, such index systems can solve the problems faced by decision-makers with regard to developing
effective urban management policies, which are difficult to achieve because it is often unclear which
departments are responsible for low-carbon development, and the level of low-carbon development in
specific sectors can be difficult to determine.

2.1.2. Orientation from the Complex Ecosystem

Based on the concept of the complex ecosystem, the index system for the evaluation of low-carbon
cities can be set up by configuring indicators for the three subsystems of a city—that is, the social,
economic, and environmental systems.

As a complex ecosystem, the indicators of low-carbon cities mainly characterize low-carbon
development in the social, economic, and environmental subsystems. The indicators for the
economic system are mainly relevant to total production output and per capita disposable income
of urban residents. The indicators for the social system are mainly related to aspects of quality
of life, consumption mode, transportation systems, and social security. The indicators for the
environmental system are related to aspects of energy consumption structure, resource consumption,
pollution emissions, carbon emissions, and ecological environment quality (Table 3).

Table 3. Evaluation indicators of low-carbon cities, established based on the complex
ecosystem perspective.

Category Most Frequently Selected Indicator

Economic system GDP per capita, per capita disposable income of urban residents

Social system
Urbanization rate, Engel coefficient, number of public transportation vehicles per
10,000 people, proportion of clean energy vehicles, share of travel by public
transportation, registered urban unemployment rate

Environmental system

Proportion of non-fossil energy consumption in total primary energy
consumption, per capita energy/electricity/water consumption, sulfur dioxide,
ammonia nitrogen and nitrogen oxide emissions and chemical oxygen demand,
total carbon emissions, per capita carbon emissions, carbon emission intensity,
forest coverage, green coverage in built-up areas, per capita public green space

Source index: [19–21,30–34].

It is easier for urban managers to understand the specific conditions of various sectors or industries
in cities and to divide responsibilities among relevant decision makers if a low-carbon city is treated
as a complex ecosystem, so that the level of low-carbon development can be analyzed systematically
based on the social, economic, and environmental subsystems. However, such systems are only
applicable to the internal evaluation of urban development, and are not applicable to the external
evaluation of urban development. From the perspective of existing index systems, the indicators
selected by each system and individual departments are not homogeneous, and the nature of such
indicators does not consider all aspects of Drivers, Pressures, State, Impact, and Response.

2.1.3. Orientation from the Carbon Source/Sink Process Perspective

The index system for the evaluation of low-carbon cities can be established from the perspective
of the carbon source/sink process (resources, production, consumption, emissions, and treatment).

In essence, the construction of an index system from the perspective of a carbon source/sink is
an analysis of the level of low-carbon development in cities, with a focus on resources, production,
consumption, emissions, and treatment. The process of production using resources and subsequent
consumption and emissions can be considered as carbon source generation, and treatment is the
carbon sink process. The carbon sources in cities mainly come from the industrial, transportation,
and construction sectors, as well as from the household consumption of residents. In previous
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research, the indicators to characterize carbon sources have mainly been selected from five aspects:
energy, industry, transportation, construction, and household consumption of residents. In contrast,
the indicators used to represent carbon sinks have mainly been related to aspects of green space
(Table 4).

Table 4. Evaluation indicators of low-carbon cities, established based on the carbon
source/sink process.

Category Most Frequently Selected Indicator

Carbon source

Energy consumption per unit of GDP, proportion of clean energy vehicles, number of
public transport vehicles owned by 10,000 people, share of travel via public
transportation, proportion of energy-saving buildings, carbon emissions per unit of
building area, carbon emissions per capita, per capita disposable income of urban
residents, Engel coefficient, per capita water/electricity consumption of residents,
and per capita energy consumption

Carbon sink Per capita green public area, green area coverage of built-up area, forest coverage

Source index: [25,26].

The statuses of resource production and consumption, as well as pollution discharge and
treatment, can be more clearly understood if the carbon level in cities is analyzed with a focus
on resources, production, consumption, emission, and treatment. Therefore, such an approach is
applicable for comparisons of the levels of low-carbon development among different low-carbon
cities. However, based on the analysis using the DPSIR model, the index systems constructed
from this perspective lack indicators characterizing the Drivers of low-carbon urban development.
In addition, the low-carbon development profile of specific urban sectors is not fully reflected in such
an approach—that is, indicators applicable to the internal evaluation of cities are not fully reflected.

In summary, the index systems constructed from the three perspectives described above have
distinct advantages and disadvantages. Index systems generated from a single perspective can no
longer meet the growing demand for more scientific and reasonable evaluation of the low-carbon
development of cities. Therefore, we integrated the three perspectives described above to establish
an evaluation index system for low-carbon cities that can be used for both internal (i.e., vertical) and
external (i.e., horizontal) evaluation.

2.2. Low-Carbon Evaluation Index System Constructed from Three Perspectives

Based on our review of current evaluation index systems, and in strict accordance with
pertinent scientific, systematic, hierarchical, dynamic, and operable principles, an index system
was established from the perspectives of the DPSIR model, the complex ecosystem, and the carbon
source/sink process. This model was constructed in reference to recognized index systems in
China and elsewhere. The evaluation of the model was focused on low-carbon development,
eco-cities, green cities, and sustainable development. After several rounds of systematic comparison,
analysis and screening of existing index systems, ISO37120, the “Low-carbon eco-city evaluation
tool for China”, the “Plan for low-carbon development in Jilin city”, the “Media alliance standard
of China’s low-carbon economy”, the “China Green Development Index”, and the “Index system
for the evaluation of low-carbon city construction in China” were selected as the primary
references from which common indicators corresponding to low-carbon urban construction were
extracted [12,22,27,28,35,36]. Subsequently, individual indicators were adjusted by consulting with
experts in this field to construct a final standardized index system for low-carbon evaluation,
which included five aspects: carbon emissions, low-carbon production, low-carbon consumption,
low-carbon policies, and socio-economic development (Figure 1).
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Figure 1. Framework for the evaluation index system of low-carbon cities.

From the range of evaluation indicators, the external evaluation selected carbon emission
indicators to evaluate the low-carbon development of different cities, while the internal evaluation
selected a set of indicators to reflect the low-carbon construction of different industries and departments
within a city. The evaluation conducted with these indicators showed that they reflect the current
status of low-carbon development, as well as low-carbon strategies and approaches for further
improvement. The attributes of these indicators are also balanced with regard to positive and negative
aspects. The positive indicators reflect social and economic development, carbon source and sink
capacities, and energy conservation and environmental protection. The negative indicators reflect
carbon emissions, pollution emissions, and resource consumption (Table 5).

Table 5. Evaluation index system for low-carbon cities.

Indicator Name Indicator
AttributePrimary

Indicator
Secondary Indicator Tertiary Indicator

Carbon emissions

Amount of carbon
emissions

Total carbon emissions −
Per capita carbon emissions −

Intensity of carbon
emissions Carbon emissions per unit of GDP −

Low-carbon
production

Resource consumption

Energy consumption per unit carbon emissions −
Water consumption per unit carbon emissions −

Electricity consumption per unit carbon emissions −

Pollution emissions

Ammonia nitrogen emissions per unit of carbon emissions −
Chemical oxygen demand per unit of carbon emissions −
Nitrogen oxide emissions per unit of carbon emissions −
Sulfur dioxide emissions per unit of carbon emissions −

Energy consumption
structure

Proportion of non-fossil energy in primary energy
consumption +

Carbon productivity GDP per unit carbon emissions +
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Table 5. Cont.

Indicator Name Indicator
AttributePrimary

Indicator
Secondary Indicator Tertiary Indicator

Low-carbon
consumption

Low carbon
transportation

Proportion of clean energy vehicles +

Share of travel via public transportation +

Public transportation vehicles owned by every 10,000 people +

Low carbon life

Per capita household water consumption −
Per capita household electricity consumption −
Per capita production of household garbage −

Low-carbon
policy

Carbon sink capacity

Per capita green public space +

Green coverage in built-up areas +

Forest coverage +

Social and
economic

development

Urbanization Urbanization rate −

Quality of life

Engel coefficient −
Average life expectancy +

Registered urban unemployment rate +

Level of economic
development

Per capita GDP +

Annual per capita disposable income of urban residents +

Note: (+) in the table indicates a positive indicator and (−) indicates a negative indicator.

3. Methodology

The evaluation method is mainly reflected in the two key links of index weight determination
and comprehensive evaluation. There are two main methods to determining the weight of indicators:
subjective evaluation and objective evaluation. Subjective evaluation mainly focuses on the Analytic
Hierarchy Process and the Delphi method. For example, Hua evaluated the low-carbon construction
of 13 prefecture-level cities in Jiangsu Province based on an analytic hierarchy process, and the
Media Alliance of China’s Low-Carbon Economy used the Delphi method to evaluate the low-carbon
development of mainland Chinese cities [20,27]. Objective evaluation methods mainly use the
correlation coefficient method, the entropy weight method, and the factor analysis method. Tan used
the entropy weight method to evaluate the low-carbon development of 10 domestic and foreign cities,
and Yi used the factor analysis method to make an empirical analysis of the development level of
low-carbon cities in the six central provincial capitals in 2008 [10,37]. In general, the subjective
evaluation method determines the importance of each index according to subjective judgment,
which has the advantages of a clear concept, simplicity, and feasibility; however, it is more easily
interfered with by subjective factors. According to the standardized data of each index, the objective
evaluation method automatically entrust weight according to certain rules. Although its advantages
are rigorous calculation and objective evaluation, the results can change along with the data and
the stability is poor. Furthermore, the comprehensive evaluation model mainly concentrates on
Technology for Order Preference by Similarity to an Ideal Solution (TOPSIS), the Analytic Hierarchy
Process (AHP), Fuzzy Comprehensive Evaluation (FCE), the Synthetical Index method, and the Content
Analysis method, where comparisons of each method is presented in Table 6. The comprehensive
evaluation model and weight-quantifying methods have their own advantages and disadvantages.
In the actual evaluation, it is necessary to select the appropriate evaluation method according to the
actual conditions.
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3.1. Carbon Emission Calculated Based on IPCC Assessment

Based on the IPCC Guidelines for Greenhouse Gas Inventories, calculation of urban carbon
emissions primarily involves greenhouse gases generated by activities in five areas: energy activities,
industrial processes, changes in land use, forestry and agricultural activities, and waste disposal [42].
The calculation principle is:

Emissions = Activity level × Emission factor

The data on activity level were directly obtained or calculated from the statistical yearbook.
The emission factor data were mainly obtained according to the “Guidelines for the Accounting Tools
of Urban Greenhouse Gas (Test Version 1.0)” and relevant studies [43,44].

3.2. An Entropy Weight Method to Determine the Weight of Different Indicators

The entropy weight method is a mathematical method for calculating a comprehensive index
based on the comprehensive consideration of the amount of information provided by various
factors [45,46]. As an objective and comprehensive weighting method, the entropy weight method
mainly determines the weight according to the amount of information transmitted by each indicator
to the decision maker. For a certain indicator Xj, a larger difference in the values of Xij indicates a
greater role of this indicator in the comprehensive evaluation. If the values of an indicator are all equal,
this indicator does not play a role in the comprehensive evaluation. The specific steps are as follows:

(1) Establish an original matrix, X

X =

⎡
⎢⎢⎢⎣

X11

X21

X12 . . . X1n

X22 . . . X2n
. . . . . . . . . . . .
Xm1 Xm2 . . . Xmn

⎤
⎥⎥⎥⎦

m×n

(1)

where m is the number of objects to be evaluated, n is the number of evaluation indicators, and Xij
is the evaluation value of object i under indicator j, i = 1, . . . , m, j = 1, . . . , n, m = 2, and n = 27.

(2) Matrix the indicators according to the same ratio and calculate the weight pij of indicator j in
protocol i:

pij =
Xij

∑m
i=1 Xij

(2)

(3) Calculate the entropy value ej of indicator j:

ej =
−1

ln(m)

m

∑
i=1

(pij × ln pij) (3)

Note: If pij = 0, define pij × ln pij = 0.

(4) Determine the entropy weight wj of indicator j:

wj =
1 − ej

∑n
j=1

(
1 − ej

) (4)
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3.3. Comprehensive Evaluation Using a Linear Summation Model

The so-called linear summation model involves multiplying the weights of indicators by the
processed data, followed by a simple summation [38]. It is performed as follows:

Yk =
n

∑
j=1

wjXj (5)

where Yk is the comprehensive evaluation level of object k, wj is the weight of object k under indicator j,
Xj is the normalized value of object k under indicator j, and n is the number of indicators for the
evaluation object.

3.4. Overview of the Study Area

Xiamen is located in the central part of the west bank of the Taiwan Strait, at the center of the
Golden Triangle of southern Fujian (north latitude 24◦23′ to 24◦54′ and east longitude 117◦52′ to
118◦26′). Xiamen has a tropical monsoon climate with long, hot, humid summers and warm winters.
The annual level of precipitation in Xiamen is relatively high, and it receives a relatively large amount
of solar radiation. At the end of 2015, Xiamen had a total population of 3.86 million, including an
urban population of 1.68 million. In 2010, the National Development and Reform Commission of
China issued the “Notice on Launching Pilot Projects for Low-Carbon Provinces and Low-Carbon
Cities”, which included Xiamen as one of the “five provinces and eight cities” in the pilot study.
Therefore, the analysis of Xiamen’s low-carbon development between 2010 and 2015 has practical
guiding significance for the construction of low-carbon cities in Xiamen and across China.

3.5. Data Sources

The data used in this study were either obtained directly from statistical yearbooks, literature,
and the websites of relevant departments, or by calculation. The yearbooks used in this study
included the “Xiamen Special Economic Zone Yearbook 2011” and “Xiamen Special Economic Zone
Yearbook 2016”, the “Fujian Statistical Yearbook 2011” and “Fujian Statistical Yearbook 2016”, and the
“Fujian Energy Balance Sheet 2011” and “Fujian Energy Balance Sheet 2016”.

4. Results

4.1. Entropy Weight of Indicators and Changes in Entropy Weight

By selecting the profile of low-carbon development in Xiamen between 2010 and 2015 as the
research object, five primary indicators, 12 secondary indicators, and 27 tertiary indicators were
selected, and the weights of secondary indicators in 2010 and 2015 were calculated by the entropy
weight method (Table 7). From the overall situation of indicator weights, the weights of indicators
for pollution emissions, low-carbon life, and resource consumption were relatively higher than those
of other indicators. From the perspective of changes in indicator weights, the weights of indicators
for carbon emissions and pollution emissions decreased over time, while the weights of indicators
for resource consumption, low-carbon life, and low-carbon transportation increased significantly
over time. Among these indicators, the negative indicator “pollution emission” had the highest
average entropy weight (0.1591). Therefore, this indicator played the most important role in the
comprehensive evaluation of low-carbon development in Xiamen. The indicator “urbanization rate”
had the smallest average entropy weight (0.0360).
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Table 7. Entropy weight of evaluation indicators.

Year 2010 2015 Average

Carbon Emissions 0.0733 0.0714 0.0722
Intensity of Carbon Emissions 0.0416 0.0338 0.0376

Resource Consumption 0.1048 0.1143 0.1095
Pollution Emissions 0.1724 0.1456 0.1591

Energy Structure 0.0349 0.038 0.0365
Carbon Productivity 0.0343 0.041 0.0376

Low-Carbon Transportation 0.105 0.1139 0.1094
Low-Carbon Life 0.1094 0.1114 0.1109

Carbon Sink Capacity 0.1088 0.1082 0.1085
Urbanization 0.036 0.0363 0.036

Quality of Life 0.1107 0.1063 0.1084
Economic Development Level 0.0688 0.0798 0.0743

The entropy weights of the indicators were ranked as follows (largest to smallest):
pollution emissions > low-carbon life > resource consumption > low-carbon transportation > carbon
sink capacity > quality of life > economic development level > amount of carbon emissions > carbon
productivity > intensity of carbon emissions > energy structure > urbanization. The importance of
each primary indicator in the comprehensive evaluation of low-carbon development was ranked
as follows (most to least important): low-carbon production > low-carbon consumption > social
and economic development > carbon emissions > low-carbon policy. In addition, several secondary
indicators, including pollution emissions, low-carbon life, and resource consumption, were found
to be important factors for the evaluation of the level of low-carbon development in cities, as
their entropy weights were relatively high. The entropy weights for the indicators of resource
consumption, energy structure, carbon productivity, low-carbon transportation, low-carbon life,
urbanization, and economic development level increased from 2010 to 2015, while the entropy weights
for the indicators of amount of carbon emissions, intensity of carbon emissions, pollution emissions,
carbon sink capacity, and quality of life decreased from 2010 to 2015. In the evaluation of the increase
in entropy weight, the entropy weight of the indicator for low-carbon transportation increased the
most (by approximately 32.38%), while the entropy weight of the indicator for urbanization increased
the least (by approximately 0.83%). Among the indicators with entropy weights that decreased from
2010 to 2015, the entropy weight of the indicator for the intensity of carbon emissions decreased the
most (by approximately 18.75%), while the entropy weight of the indicator for carbon sink capacity
decreased the least (by approximately 0.55%) (Figure 2).
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Figure 2. Entropy weights of the evaluation indicators.

4.2. Comprehensive Status Assessment

Overall, after five years of exploration and practice, low-carbon construction achieved remarkable
results by the end of 2015. Based on the IPCC Guidelines for Greenhouse Gas Inventories and
relevant research results in China and elsewhere, the carbon emission inventory from different routes
(energy consumption, agricultural activities, land use change and forestry, and waste disposal) in
Xiamen between 2010 and 2015 was roughly calculated (Figure 3).

Figure 3. Carbon emissions in Xiamen in 2010 and 2015.

In addition, it should be noted that Xiamen has some particular natural geography and resource
conditions. For example, steel, cement, and other industrial materials are not produced locally in
Xiamen, but are imported from other places. Therefore, the industrial processes in Xiamen produce
very little carbon emission, and hence was excluded from this study. From the perspective of carbon
emissions, carbon emissions in Xiamen were mainly from energy consumption, followed by changes in
land use and forestry, waste disposal, and agricultural activities. In 2015, after five years of low-carbon
development in Xiamen, the carbon emissions generated by agricultural activities, and changes in land
use and forestry were significantly reduced to levels lower than those in 2010. In addition, as compared
to 2010, although the amount of carbon emission generated by energy consumption and waste disposal
in 2015 increased and led to the increase in total carbon emissions, the growth rate of carbon emissions
had slowed.
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At the same time, compared with 2010, GDP in 2015 increased significantly. According to
the decoupling theory [44], the relationship between carbon emissions and economic development
showed that GDP increased, and carbon emissions also increased; however, the economic growth
rate was higher than the growth rate of carbon emissions. Therefore, while economic growth was
achieved, energy consumption was gradually reduced and decoupled from economic growth, to a
relative decoupling state (Figure 4). In addition, the intensity of energy consumption for each unit of
carbon emissions increased, and the efficiency of resource utilization gradually increased. In addition,
pollutant emissions for each unit of carbon emissions decreased, thus improving the quality of the
local air and environment to some extent.

Figure 4. Changes in carbon emissions and GDP.

The values of positive evaluation indicators of low-carbon cities in Xiamen all increased from
2010 to 2015. The indicators of urbanization rate, energy consumption structure, low-carbon
transportation, and carbon sink capacity changed the most. The values of the most negative evaluation
indicators were reduced, with the exceptions of electricity consumption and waste generation.
The increase in electricity consumption and waste generation is closely related to the large influx of
residents into the city and the nature of the city itself. In 2015, the indicators of low-carbon development
were significantly higher than those in 2010, in terms of low-carbon consumption, low-carbon policy,
and social and economic development, while low-carbon development in terms of carbon emissions
and low-carbon production require further improvement. However, in general, the comprehensive
index of low-carbon development in Xiamen increased from 2010 to 2015, indicating that, after five
years of construction and practice, the level of low-carbon development in Xiamen has increased
(Figure 5).

Figure 5. Level of low-carbon development in Xiamen.
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5. Discussion

The major innovation of this study was the assessment of representative index systems in
China and elsewhere to select a set of indicators for index standardization and construction of an
index system for low-carbon cities. By combining the perspectives of three types of index systems,
this study avoided the incompleteness of prior index systems constructed from a single perspective
and fully integrated the advantages of each perspective, thus allowing us to build a more scientific
and reasonable evaluation index system for low-carbon cities. In order to ensure the objectivity
of the results, the indicators were all quantitative indicators, which reduced the impact of human
subjective factors. At the same time, this approach ensured that the data for the selected indicators
were easy to obtain, which made the evaluation protocol realistic and feasible. Another innovation
of this research was the selection of an objective weighting method and the entropy weight method,
which directly determines the importance of indicators according to changes in indicator data
in order to assign weights to the indicators. As a result, fair evaluations can be ensured when
different types of cities are compared. In the past, most of the relevant studies adopted qualitative
weighting methods, such as the analytic hierarchy process. The shortcoming of this method is that
it is too subjective, which makes the results of the evaluation less convincing. Based on the two
innovations described above, this study established an evaluation index system for low-carbon cities
that consisted of five primary indicators: carbon emissions, low-carbon production, low-carbon
consumption, low-carbon policies, and socio-economic development. In addition, evaluations of
low-carbon development in cities can be divided into two categories: internal evaluations and external
evaluations. Internal evaluations mainly focus on vertical comparison within cities and evaluate the
low-carbon development of cities by selecting indicators relevant to five aspects: carbon emissions,
low-carbon production, low-carbon consumption, low-carbon policies, and social and economic
development. In this way, low-carbon development, related to all the different aspects of cities, can be
evaluated. External evaluations mainly involve horizontal comparisons of low-carbon development
among all provincial capital cities and municipalities directly under the central government of China.
By comparing the overall low-carbon development among these cities in terms of indicators related
to carbon emissions, a comprehensive index ranking can be determined to reflect the real level of
low-carbon development in these cities. At the same time, the relevant government administrations
can also scientifically and reasonably evaluate the level of low-carbon development among similar
cities using external evaluation, so that the cities can develop various improvement measures that are
conducive to low-carbon development (Figure 6).

Figure 6. Method for selecting low-carbon evaluation index.
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There are some shortcomings of this study. Due to limited data availability, some indicators
were discarded despite their usefulness for evaluating low-carbon cities. For example, indicators for
low-carbon buildings (proportion of energy-saving buildings, and energy consumption per unit
building area), low-carbon technologies (capture and storage ratio of carbon dioxide), and low-carbon
policies (completeness of low-carbon policies and regulations, public satisfaction with low-carbon
cities) were excluded from this study. At the same time, when the carbon emissions of Xiamen
were calculated according to the IPCC Guidelines for Greenhouse Gas Inventories, carbon emissions
generated by industrial production were ignored because Xiamen has a particular natural geography
and resource conditions. For example, steel, cement, glass, and other industrial products with high
carbon emissions are not produced locally in Xiamen, but are instead imported from other places.

In future studies, we will explore a weighting method that utilizes qualitative and quantitative
indicators, try to find an alternative for necessary indicators with limited data availability, and study the
level of low-carbon development in cities with a longer time scale, while simultaneously considering
the spatial scale of the analysis. At the same time, as this research is aimed at the standardization
of indicators, we need to refer to the relevant standards of domestic and foreign cities to set the
benchmark indicators. It is necessary to expand to a wider range of cities for comparison, such as at
the global, regional, and national level.

6. Conclusions

Based on the results of previous studies, this study integrated three perspectives used to construct
evaluation index systems for low-carbon cities. By extracting common indicators and adjusting
individual indicators, a standardized evaluation index system for low-carbon cities was established.
The established evaluation index system can be used to horizontally compare the levels of low-carbon
development among different cities, as well as to evaluate the levels of low-carbon development in
specific sectors or industries within a city. The content of these indicators reflects current problems
and routes to improve low-carbon development. The newly developed index system uses a balanced
configuration of positive and negative indicators, including five primary indicators for carbon
emissions, low-carbon production, low-carbon consumption, low-carbon policies, and social and
economic development. In addition, all indicators in the index system are quantitative indicators,
and the relevant data can be obtained directly or calculated from statistical yearbooks. Therefore, in the
future, quantitative comparisons of the levels of low-carbon development among different cities can
avoid the uncertainty caused by human subjective factors, and the results of such evaluations will be
more objective and comparable than the results of evaluations conducted using current index systems.
Moreover, in comparison with current index systems, the newly developed index system can be used
in a broader range of applications.

Using the entropy weight method, low-carbon development in Xiamen from 2010 to 2015 was
evaluated quantitatively and comprehensively. Pollution emissions had the greatest impact on
low-carbon development in Xiamen, while urbanization had the least impact. In terms of the
comprehensive index of low-carbon development in Xiamen, the level of low-carbon development in
2015 was better than that in 2010 due to efforts at promoting energy conservation, emission reduction,
and green development. In addition, in terms of carbon emissions, the growth rate of carbon emissions
from energy activities, agricultural activities, changes in land use and forestry, and waste treatment
slowed significantly in 2015 compared with that in 2010. In addition, the amount of carbon emission
generated from agricultural activities, and changes in land use and forestry in 2015 was less than
that in 2010. These changes were closely related to efforts at increasing afforestation and improving
forest resource management. At the same time, the growth rate of carbon emissions was slower than
the growth rate of economic development, and these rates were decoupled. Although the growth
rate of carbon emissions slowed from 2010 to 2015, the total amount of carbon emission in 2015 was
higher than that in 2010, mainly because energy activities were still the main source of urban carbon
emissions. Furthermore, the amount of carbon emission generated by waste disposal was still high,
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mainly because of Xiamen’s large population, which generated a large amount of household waste.
Moreover, most of the waste produced in Xiamen was destroyed by incineration, which also acted as
an important contributor to carbon emissions.
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Abstract: During the course of 2018, 70.8 million people globally were forcibly displaced due to
natural disasters and conflicts—a staggering increase of 2.9 million people compared to the previous
year’s figure. Displaced people cluster in refugee camps which have very often the scale of a
medium-sized city. Post-disaster and post-conflict (PDPC) sheltering therefore represents a vitally
important element for both the short- and long-term wellbeing of the displaced. However, the
constrained environment which dominates PDPC sheltering often results in a lack of consideration
of sustainability dimensions. Neglecting sustainability has severe practical consequences on both
people and the environment, and in the long run it also incurs higher costs. It is therefore imperative
to quickly transfer to PDPC sheltering where sustainability considerations are a key element of
the design and decision-making processes. To facilitate such transition, this article reviews both
‘existing solutions’ and ‘novel designs’ for PDPC sheltering against the three pillars of sustainability.
Both clusters are systematically categorized, and pros and cons of solutions and designs are identified.
This provides an overview of the attempts made so far in different contexts, and it highlights what
worked and what did not. This article represents a stepping-stone for future work in this area, to both
facilitate and accelerate the transition to sustainable sheltering.

Keywords: city; post-disaster shelter; post-conflict shelter; transitional shelter; sustainable sheltering;
emergency sheltering; refugees

1. Introduction

According to the United Nations High Commissioner for Refugees [1], 70.8 million people around
the world were forcibly displaced during 2018 due to natural disasters and conflicts, exceeding the
previous year’s numbers by 2.3 million people. Displacement is a complex challenge, which if not
properly addressed could fuel existing tensions and create new conflicts [2]. This is something to
consider when planning for sheltering, as is accounting for the local culture and the context of each
individual situation. In post-disaster and post-conflict (PDPC) situations, it usually takes two to
fifteen years to resolve land rights, which affects the reconstruction of damaged homes [3]. Therefore,
providing shelters in the initial stages after disasters and conflicts is critical to ensure adequate levels
of safety, security, protection and community health [4]. The UNHCR, IFRC and their operational
partners, who are responsible for providing shelters to the affected population, usually have limited

Sustainability 2020, 12, 890; doi:10.3390/su12030890 www.mdpi.com/journal/sustainability169



Sustainability 2020, 12, 890

time and funding to propose shelter solutions when a disaster occurs, which affects the quality of
the shelters. There have been attempts by companies and researchers to design shelter solutions,
but usually they prioritize the transportability and rapid deployment of the shelters. They rarely
consider the social and cultural factors or the visual, acoustic and thermal performance [5].

Johnson [6] identified some of the main challenges facing PDPC shelters as high costs, delivery
delays, remote and adverse locations, and poor design—generally unsuitable for both the users’ culture
and the local climate conditions. It also seems that the existing literature focuses more on solutions
from outside the area involved, with little or no acknowledgement of the solutions found informally
by the affected people and local communities [7].

In the global movement to urgently transfer into a more sustainable way of living, the humanitarian
sector has been given insufficient attention. In the past, it was seen as an indulgence to consider the
environment in PDPC responses, due to the significant size of the affected population and the crisis
intensity. The fact that environmental damage contributes to natural disasters was surprisingly neglected [8].
The environmental impact of the aid shelters has been highlighted as a clear knowledge gap by Ramboll and
Save the Children [8], and the need for further research is amongst their recommendations. The same gap
was highlighted by Albadra, Coley and Hart [9] as their literature survey showed that in the past 38 years,
only 60 academic papers have been published on the subject of ‘emergency or temporary shelters’, and only
nine of them addressed the shelters’ life cycle sustainability or environmental impacts.

The importance of sustainable development is explained in the definition of the Brundtland Report
as “meeting the needs of the present without compromising the ability of future generations to meet their
own needs” [10]. In the PDPC scenarios, Potangaroa [11] argues that building informal shelters could have
adverse effects on the environment and deplete resources, which might also raise the cost of materials and
labor, and potentially lower the quality of life by ignoring the previous social structures and cultural spaces.
However, Potangaroa [11] adds that designing sustainable shelters would avoid these issues and have
long-lasting positive impacts. This article aims therefore to contribute to ongoing global efforts to design
more sustainable shelters. To do so, an important and useful first step is mapping the range of ‘existing
solutions’ and ‘novel designs’ to identify their strengths and weaknesses. Since sustainability is a holistic
concept that involves not only the environmental dimension, but also economic and social aspects [12], these
three elements constitute the key parameters against which the review presented here is carried out. In
the next section, the existing literature is reviewed and the adopted shelter terminologies and typologies
in this paper are clarified. The section also discusses the main arguments regarding the three pillars of
sustainability. In Section 3, the methodology that was adopted in this paper is clarified and the chosen case
studies are analyzed in comparative tables that show the pros and cons of each case. The results of the
comparisons are presented in Section 4, and discussed in Section 5. Lastly, Section 6 concludes the article
and sets the challenges and recommendations for future research.

2. Literature Review

In PDPC situations, decision makers generally prefer to direct most of the money and effort into
the reconstruction phase rather than the initial relief sheltering. However, previous cases teach us
that such an approach may have major issues. The shelter response after the earthquakes in Ardabil
and Lorestan Provinces in Iran, for instance, is an example where unexpected events delayed the
reconstruction process, resulting in thousands of people living in emergency tents for up to two years,
remaining unprotected from the harsh weather [13]. Hadafi and Fallahi [13] also argued that if people
were consulted in the first place about how to deal with the post-emergency, they might have chosen a
different approach, and therefore the adverse effects would have been lessened. In order to address the
literature on PDPC shelters, an agreement on terminology is necessary. Therefore, a reflection on the
history of the terms and the confusion in their usage is presented, followed by the common shelter
categorization, prior to reviewing key social, environmental and economic aspects.

According to Chang et al. [14], the availability of resources in PDPC situations is very challenging
and could cause environmental and economic obstacles. Moreover, the same study concludes that
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stakeholders’ collaboration and advanced planning would allow the market, donors and governments
to successfully manage the available resources. This is explained in more detail in the Humanitarian
Emergency Response Review [15] as it describes the gap between the humanitarian challenge and
the world’s ability to cope as a lost race. The report referred to two major challenges in dealing with
humanitarian crisis; first, the global economic crisis and second, the rising security threat that affects
the performance of the humanitarian workers in the field and makes the assessment of affected people
in PDPC situations a harder mission. However, there is an argument that the real reason behind the
failure of shelters is the undeveloped understanding of the topic by the working institutions despite
their progress in the field [16]. Moreover, few external agencies enter the field of shelters, due to its
complexity and high consumption of time, cash and energy [16].

2.1. Shelter Terminologies

There are no agreed terminologies regarding sheltering, and the existing terms are usually confusing.
United Nations Disaster Relief Organization [17] suggested eight phases of shelter provision: tents, imported
designs and units, standard designs incorporating indigenous materials, temporary housing, the distribution
of materials, core housing, hazard-resistant housing, and accelerating reconstruction of permanent housing.
Thirteen years later, Quarantelli [18] proposed a different shelter categorization based on the life span of the
shelters and people’s behavior, which included four stages: emergency sheltering, temporary sheltering,
temporary housing and permanent housing. Quarantelli [18] explained that these terms are the ideal
categories and do not necessary reflect the actual reality. The unique addition of this study was the terms’
differentiations he proposed. Specifically, he distinguishes between emergency and temporary shelters—mainly
in the behavioral aspects, where the temporary responds to where and how the daily activities are held.
He also distinguishes between sheltering and housing, where in housing the users resume their routine
household responsibilities and activities, which does not happen in sheltering. Finally, he distinguishes
between temporary and permanent housing, where the users in the latter live in a repaired, rebuilt or new
permanent physical structure. However in reality, some temporary housing was never vacated and was
transformed into permanent homes [18]. Barakat [19] proposed different definitions for shelter and housing.
He defines the shelter as a structure intended for temporary use in spite of the real duration of its usage.
Housing instead provides either a permanent solution or a solution that supports the affected communities
until they can rebuild their own homes. Hadafi & Fallahi [13] clarify that housing is not only about the
physical shelter structure but instead a system that is concerned with people’s social, psychological and
spiritual needs. More recently, the International Federation of Red Cross and Red Crescent Societies (IFRC)
suggested six shelter duration levels of what they call ‘approaches’ instead of the typical ‘response phases’.
The approaches, which mainly depend on the context of each case, are: emergency shelter, temporary shelter,
transitional shelter, progressive shelters, core shelters, and permanent housing [20].

Most ‘novel designs’ and ‘existing solutions’ claim to fall under the transitional shelter category, which
is inaccurate in most cases. Such a misattribution is due to two major misconceptions: (1) the view that
transitional shelter is a product, and (2) the use to describe approaches to permanent construction [3]. The
transitional shelter is the incremental process that provides sheltering to the affected families while they are
seeking to maintain other recovery options. This happens through its five characteristics; upgradability,
reusability, ability to be relocated, ability to be resold and recyclability [3]. Transitional shelters usually
represent a first step prior to relocation to more durable sheltering solutions and are usually built on
a temporary site [20]. Since the studied shelters in this paper are classified into ‘novel designs’ and
‘existing solutions’ despite their phase or approach, this paper does not adopt any terminologies for the
phases/approaches. In addition to the confusion in the phases’ terminologies, the general term used to refer
to the sheltering response is not agreed on, but the terms ‘emergency shelters’ and ‘temporary shelters’ are
commonly used amongst scholars. However, since the previous two terms are used to describe specific
approaches/phases in some categorizations including the IFRC [20], ‘PDPC shelters’ is proposed as an
umbrella term in this article.
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2.2. Shelter Typologies

Scholarly classification of shelters is diverse. Albadra, Coley and Hart [9] categorized the shelters
in terms of their manufacturing approach or location into ‘transportable shelters’ and ‘built on-site
shelters’. They clarify that transportable shelters include any shelter that is manufactured off-site and
then shipped to the intended location. This category covers both basic shelters such as tents, and more
developed flat-packed solutions. Conversely, the built on-site shelters are usually constructed using
locally available materials. In most cases, the beneficiaries are provided with tool kits and training
sessions to allow them build their own shelters. A similar categorization was created by Felix, Branco
and Feio [21]. They grouped the shelters based on their readiness level into ‘ready-made units’ and ‘kit
supplies’. The ready-made units are fully constructed in a factory environment and transported to the
location as one item. They could be divided into separate but somewhat large parts to be assembled on
site. Kit supplies instead solve the problem of heavy transport systems by producing smaller elements
that can be erected by local people on-site.

The challenge with the previous two categorizations is twofold. Firstly, there will be a confusion
in when to consider the parts as a ready-shelter that is divided into pieces (transportable) or parts of a
kit (built on-site). Secondly, the applicability of the shelters is not considered, as many ideas are logical
in theory but have never been tested in real PDPC situations.

Quaglia, Dascanio and Thrall [22] analyzed the existing US military solutions in order to present
their origami-inspired proposals for what they called ‘rapidly deployable shelters’. They categorized
the military shelters depending on the wall attributes into ‘non-expandable rigid wall shelters’,
‘expandable rigid wall shelters’, and ‘soft wall shelters’. Analyzing the military shelter solutions
alongside the PDPC shelters is problematic, as the context and needs of the military and shelters for
PDPC persons differ significantly. This research instead adopts a categorization method based on the
historical application of the shelters, which will be discussed in the methodology section.

2.3. Social, Environmental and Economic Aspects

The main sustainability challenges facing current PDPC shelters are the lack of cultural adequacy,
economic viability and negative environmental impacts [21]. The recognition of the importance of
users’ participation in order to have culturally sensitive designs has been acknowledged by NGOs,
policy makers and scholars, specifically in reconstruction. Thirty-six years ago, the UNDRO [17]
concluded that the key to success in reconstruction is the local community’s participation. Opdyke,
Javernick-Will and Koschmann [23] found that early user involvement in PDPC shelter projects,
support the resilience and the sustainability of the project outcome. The local input could empower
the affected people, encourage the social connectivity and promote solidarity between the beneficiaries
themselves [24]. Although it is not always easy to measure the success of a shelter project, but user
satisfaction and shelter safety are major indications of that success [24], which could be evaluated
through surveys and observations such as the shelter assessment that was done in Zaatari camp [25]
and Azraq camp [26]. However, sometimes the lack of users involvement leads to an obvious project
failure when the assistance is not accepted by the people, such as the refusal of using the steel
caravans in Gaza [27]. It should be noted, however, that engagement the affected people might be in
practice challenging in several cases where there is a great urgency to act, the people are in trauma,
and potentially not well placed to be consulted, which would also lead to further delay in the aftermath
of an emergency. The case study of Al-burjan village in Lebanon is an example, where the main
lesson learnt was that reconstruction must be culturally rooted, i.e., responds to the cultural needs
and the perceptions of the local people, which could only be met by involving the affected people in
the rebuilding process from its early stages [28]. Barakat and Zyck [29] proposed a ‘hybrid approach’
in reconstruction that combines the ‘owner driven’ and ‘contractor driven’ existing approaches that
are used in Southern Lebanon. The purpose was to ensure the structural integrity of the house
through a contractor constructing the foundation and the frame, while at the same time allowing the
owners to design the layout. Not only does the cultural inadequacy in designing shelters result in
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uncomfortable living conditions, but it also causes serious social problems within the communities.
However, little is known about how and when to apply the principles of participation in the PDPC
sheltering design. Early participation provides better and more satisfying design results. It also
empowers the affected population and allows them to be active again in the society, instead of being
perceived as passive help-recipients. Unfortunately, this dimension has been neglected in existing
literature [30]. The shelters in the Jordanian Syrian-camps are examples of cultural inadequacy which
was obvious through the adjustments made by the residents to their own shelters, such as adding
dividers to the one-room design in order to separate the sleeping areas for family members of different
age and gender [31]. The Sphere Association [32] emphasizes the importance of considering the needs,
preferences and habits of various age, gender and disability groups.

In regard to the environmental perspective, Felix, Branco and Feio [21] recommend planning
flexible shelters that could be reused after the initial purpose or period ends. A study by Escamilla and
Habert [33] argues that while global materials could provide structures with high embodied energy
and high resistance levels against natural hazards, local materials need extra attention on the structural
details to withstand the possible hazards and therefore could increase the economic and environmental
costs. Therefore, the study concluded that sustainable shelter solutions can be produced using either
global or local construction materials, as global materials will most likely provide better technical
performance while the local materials will likely lower both costs and environmental impact. They
also found that cost and environmental impact do not necessarily affect the technical performance of
shelters. Escamilla and Habert [33] consider the global materials as “industrialized and engineered
construction materials like concrete and steel”, while consider the local materials as those used in
“traditional and vernacular architecture, like bamboo, earth/soil and wood”. In a follow-on study,
Celentano et al. [34] found that the material supply (local or global) is the main factor affecting the
speed of the construction in the construction technology scale, and noted that using local materials
decreases the cost but increases the construction time, while the use of industrialized materials does the
opposite. However, when focusing on the scale of the shelter unit, they found that the roof’s complexity
is the main factor affecting the speed and not the source of the materials. Therefore, they suggest using
local materials with a small input of industrialized materials to increase the speed with no noticeable
impact on costs. The International Organization for Migration (IOM) recommends the selection of
culturally appropriate materials (i.e., local materials that are already used for traditional and vernacular
architecture within the existing culture), as it helps protecting the natural resources, and reflects the
local expertise in resource management—which consequently, will reduce the shelters carbon footprint
through minimizing the energy consumption and pollution [3].

The shelter’s total cost usually includes the cost of materials, transportation, construction work
and the workforce, but excludes the cost of the camps’ infrastructure, which results in having inaccurate
comparisons. Additionally, the cost of waste management that results from materials’ manufacturing
should be considered [35]. The intended short lifespan of PDPC shelters makes the investment in
their quality appear inefficient as it could result in them costing more than permanent housings [21].
This however generally proves false for two reasons: shelters usually stay in their place, and are
occupied, for much longer than initially anticipated (1) and considering only the initial costs when
comparing solutions is short-sighted, as the operational costs differ widely when a well-designed
shelter is used for a long time (2). This calls for a greater adoption of life cycle thinking in future PDPC
sheltering solutions as the missing link between design and sustainability.

3. Methods

Building on the literature review, desk-based research was conducted in order to identify the
global and regional solutions for PDPC sheltering as this information is not available within existing
academic literature. These designs have been categorized according to their historical application
into ‘novel designs’ and ‘existing solutions’. Novel designs are defined in this research as shelter
designs developed by researchers or companies but not necessarily ever used. Existing solutions are
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instead those applied in the field as a response to PDPC shelter needs, most commonly by UNHCR,
IFRC or their partners. In order to clarify the difference between the two categories, any shelter that
was prototyped and used by more than 100 refugee families is categorized as ‘existing’, while other
shelter designs that were never prototyped or were prototyped and used by less than 100 refugee
families, are categorized as ‘novel designs’. While the information about ‘novel designs’ were collected
from their official web pages and magazine articles, the data for the ‘existing shelters’ were sourced
from the organization documents, mainly Shelter Projects [36]. Two considerations influenced the
choice of the cases; the quantity of available information and the variety of shelters—by material and
geographic spread.

The shelters in both clusters have been investigated against three dimensions (social, environmental
and economic) from a qualitative perspective. This approach is well accepted in the sustainability
field [37,38], adopted in UN-endorsed research [39] and across sectors, spanning from the circular
economy [40] to oil and gas operations [41]. Arguably, a quantitative approach could have provided
richer information but we fully agree with Janoušková and colleagues [42]: sustainability indicators
are useful but they must also be relevant. For instance, Matard et al. [43], recently analysed embodied
energy and embodied greenhouse gas (GHG) emissions of a 81 refugee shelters worldwide. This is a
significant research endeavor but at a closer look the relevance of their findings comes into question
since “lists of materials were inferred from pictures and details mentioned in the narratives” [43] (p. 33)
and their values are fully based on an old version of the ICE database [44], which is specific to the UK
construction industry and not reviewed. Why should it therefore produce results that are appropriate
for and relevant to shelters in developing countries? Using numbers to produce other numbers is
relatively easy, ensuring relevance in the process very less so. For this reason, and due to the lack of
data about the shelter designs that would allow to quantify the sustainability dimensions meaningfully,
we resisted the temptation of a quantitative approach in this article.

Following the qualitative approach just explained, pros and cons (as emerged from the literature
review and outlines in Section 2.3) have been noted for each dimension for each shelter solution.
The following two tables illustrate the examined 24 cases with the comparisons; 12 cases were
categorized as ‘novel designs’ within Table 1, while the other 12 cases were categorized as ‘existing
solutions’ and are shown in Table 2. Tables with full details are available in the Supplementary
Material. Specifically, Table S1 for the ‘novel designs’, and Table S2 for the examined ‘existing solutions’.
However, it is important to note that the information in the tables is based on how the projects are
reported in the references used and the availability of information and therefore could be limited or
not verified. Again, a degree of qualitative interpretation was needed to classify the indicators into
pros and cons. This is mainly obvious in the environmental sustainability, which is a concept that
cannot be classified in terms of absolute pros and cons, as the paths leading to it will differ in each
country or sector [45]. Additionally, if environmental sustainability is to be measured it must first be
quantified. We therefore suggest the use of environmental impact assessment tools, such as Life Cycle
Assessment (LCA), in order to inform environmentally-sustainable decisions. The work of Matard
and colleagues [43] is an excellent first step in this direction, and it is hoped that future works will use
appropriate datasets and reliable quantities, and be expanded beyond the cradle-to-gate boundary.

For the scope of this article, based on the available information, and for the sake of our
categorization, we have clustered, for instance, on the pros side of environmental sustainability
examples where local materials were reported to be used (materials used in the traditional and
vernacular architecture) and on the cons side cases where global materials (industrialized) were used.
This choice reflects their lower reliance on fossil fuels, lower energy- and carbon-intensive supply chains,
and the likely availability within shorter distances from the site where they are employed, thus reducing
global transportation impacts. There remain however instances where a categorization would be
misleading. This is the case of using perlite in the Tentative Concept design, for example, which is
on the one hand a natural material and, on the other, a possible cause of rhinitis and pneumonia [46].
A similar consideration could also apply to stone wool.
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The average material costs of the 12 examined ‘existing solutions’ which were funded by UNHCR
or IFRC was calculated in this research as $1300. The maximum material costs of the 12 cases was
$5500 for the Iraq 2015–2016 project [27]. These two costs along with their average ($3400) formed the
basis for describing the costs in Table 3 that were used in Tables 1 and 2.

Table 3. Cost classification adopted in this research.

Materials Costs <$1300 $1300–$3400 $3400–$5500 >$5500

Description Below average Above average Within existing range Unaffordable

4. Results

As explained in the literature review section, the shelter terminology is not always agreed upon
between NGOs and academia. In addition, designs and solutions with assigned shelter types do not
always meet the specifications of that type. Most of the ‘novel designs’ were considered as global
shelters or as a one-size-fits-all solution, which is recognized as an inadequate approach as it neglects
the social context and cultural needs [19,78]. Conversely, ‘existing solutions’ were designed for a
specific case (full details given in the supplementary material). With respect to portability, most of the
‘existing solutions’ were fixed even though some of them were originally designed to be relocatable,
but changes occurred during implementation such as the case of Jordan in 2013 (Azraq camp T-shelters).
All of the ‘novel designs’ were transportable and 92% of them can be easily deconstructed; in most cases,
they were flat packed (76%), but other techniques were also used such as being stackable, foldable,
or able to be disassembled into smaller parts (details can be found in the Supplementary Material).
Each sustainability dimension is discussed in detail in the following sections.

4.1. Social Sustainability

Defining social sustainability is challenging as the field is still emerging [79], while at the same
time is vague and impossible to be limited in one definition [80]. However, in this paper, the adopted
definition is the preservation of the existing social systems, where the social challenges and concerns
are being addressed by considering the history, traditions, dialogue, equity, and participation [79].
The concept of social sustainability sometimes overlaps with the other two dimensions of sustainability,
i.e., environmental and economic. However, each dimension tackles the overlapped element in different
ways. A clear example is the materials, where the use of local materials fulfils a social need due to its
familiarity, besides the fulfillment of the environmental and economic elements. Among the studied
cases, the most commonly identified social pros for shelters that belong to both types (novel designs
and existing solutions) were: the short time needed to assemble the shelters by a minimum number of
workers, the ease of deployment that allows unskilled beneficiaries to take part in the construction,
the use of local and locally available materials, the flexibility and expansion possibilities, having
various shelter sizes to meet the needs of different household compositions, and having an interior
layout that is divided into needed functions. In addition, some of the ‘existing solutions’ were more
respectful by adopting local building techniques, having outdoor private areas, or using shelter types
that are acceptable to users (i.e., familiar and used within their culture), such as Haiti 2010 [20] and
Philippines 2012 [81].

Conversely, the most common cons under the social dimension are the one-room approach that
is more emphasized in the ‘novel designs’ with 58% of the studied cases. In addition, the lack of
private toilets and private kitchens is a major drawback, as only 8% of the ‘novel designs’ and 17% of
the ‘existing shelters’ are known to have a private toilet, while 17% of the ‘novel designs’ and 8% of
the ‘exisiting shelters’ have a private kitchen. The Refugee Housing Unit designed by IKEA shown
in Figure 1a, is amongst the many shelter examples of the one-room design that also lacks private
facilities [78]. The small or insufficient shelter area (compared to the number of residents and/or their
needs) is another common con amongst both clusters. The Tentative Concept post-disaster shelter
which is shown in Figure 1b is an example with its 8 m2 overall area [67].
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Figure 1. Shelters with social inadequacy: (a) Refugee Housing Unit [78], (b) Tentative Concept
post-disaster shelter [67], (c) Myanmar 2012 temporary collective shelter, photo by UNHCR [81],
(d) Ethiopia 2011 semi-permanent shelter, photo by Demissew Bizuwerk/IOM Ethiopia [20].

Other common cons were the total dependency on the availability of local materials in the location
or total dependency on global materials, and proposing short-term solutions. Building collective
shelters instead of private shelters was also apparent in the ‘existing solutions’ such as the Myanmar
2012 shelter that hosts eight families (Figure 1c) [81]. Providing a shelter design that is familiar to the
host community but not to the users is another issue that was highlighted in the case of Ethiopia 2011.
The Tukul shelters that were given to the refugees were familiar in the Ethiopian culture but not for the
Sudanese who lived in them (Figure 1d). In the same case, another social inadequacy appeared when
there was no space to shelter the livestock brought by the Sudanese refugees from their homeland [76].
Recent evidence has also shown that elements of social sustainability should go beyond the human
sphere and take into account livestock and domestic animals because of their important role in certain
cultures [82].

Identifying the best practices amongst the existing shelter projects and understanding the cultural
influence on the spatial needs, would shorten the distance between the decision makers and the shelter
users. When possible, engaging the users in the early stages of designing the shelter projects would
ensure the social suitability of the final output.

4.2. Environmental Sustainability

The pros within the environmental dimension are related to the use of local materials such
as wood, thatch and earth, the reusability and durability of the shelter, using passive cooling and
heating techniques, the ability to collect rainwater and the provision of electricity through solar panels.
In qualifying the environmental sustainability, the relative environmental consequences of different
elements need to be borne in mind (e.g., the embodied energy in the materials and transport to site,
the operational energy demand, the environmental consequences of rainwater harvesting).
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The ‘existing solutions’ showed some good practice that was not seen in the ‘novel designs’,
such as raising the shelter over a plinth in flood-prone areas, and having construction details that can
withstand severe wind loads in cyclone-prone areas. It can be argued that ‘existing solutions’ have gone
through a number of trial and error phases, which led to their better suitability to conditions of and
application in the field. ‘Novel designs’ should certainly learn from the iterative experience of ‘existing
solutions’. Other positive approaches were the use of salvaged materials, using materials which were
produced on-site by the beneficiaries, and adopting some traditional construction techniques, such
as Clissage (a mix of lime and earth binding the filling of a wooden structure) and Amakan (woven
bamboo wall cladding).

Conversely, the poor practice included using carbon-intensive materials such as concrete, plastic,
steel, nylon and aluminium. The U-dome shelter shown in Figure 2a is an example of a shelter made
of such materials. It consists of corrugated polypropylene panels, which are connected by nylon
fasteners [52,83]. The Concrete Canvas shelter (Figure 2b) is another example where concrete was used
for the outer skin [57]. There are also examples of using carbon-intensive materials amongst the ‘existing
solutions’ case studies, such as the T-shelters provided for the Syrian refugees in Jordan. This shelter,
which can be seen in Figure 2c [84], is made of an interlocking steel structure and covered with a
double layer of Inverted Box Rib (IBR) cladding separated by an aluminium and foam insulation [81].

Figure 2. Shelters with environmental inadequacy: (a) U-dome transitional shelter (designboom, 2018),
(b) Concrete Canvas shelter [57], (c) Jordan 2013 T-shelters, photo by Robert Neufeld (World Vision,
2014), (d) Kenya-Dadaab 2009 core shelter, photo by Jake Zarins [75].

In some cases, the demand for natural materials exceeded their availability, and this happened in
the ‘Kenya-Dadaab 2009’ project (Figure 2d) where the insufficient availability of mud and shortage of
water have limited the number of built shelters. Transporting mud from distant locations was proposed
for future projects, though it turns the use of mud blocks into a less sustainable option for the rest of
the shelters. The unplanned excavation of mud resulted in holes, which in the rainy seasons were
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transformed into refuse pits or mosquito-breeding sites [75]. In the ‘Ethiopia 2011’ project, a similar
challenge occurred when there were difficulties in sourcing the mud and grass used for thatching [76].
In the same way, in the ‘Myanmar 2012’ project, the bamboo was not in season and a lower quality
alternative was used [81].

4.3. Economic Sustainability

About 83% of the ‘novel designs’ analysed, have costs that are significantly higher than the ‘existing
solutions’ or with unknown cost. Figure 3a shows the Hex House, a shelter designed by Architects for
Society. In the Dezeen online magazine, the cost per unit was denoted as $15,000–$20,000 [70], while in
the Hex House website, it is shown as $55,000–$60,000 [69]. Another novel shelter design with a high
cost is the Rapid Deployment Module (Figure 3b) [65], with unit costs around $15,000–$18,000 [64].
On the contrary, 67% of the ‘existing solutions’ had modest costs (equal to or less than $1300). However,
there were cases with costs that are considered high compared to other shelters such as Fiji 2012, which
is shown in Figure 3c. Its material costs were $1800 and the overall project cost per shelter was $2900.
The main reason for its high cost is likely to be Fiji’s remote location, which increased the materials’
transportation cost and therefore the overall cost [81]. Another ‘existing solution’ with a high cost is
the Iraq 2015–2016 transitional shelter shown in Figure 3d. The shelter had material costs of $5500
and a project cost per household of $9621. The initial costs for establishing the sites were high and the
political situation and the higher shelter standards also contributed to the high cost [27].

Figure 3. Shelters with economical inadequacy: (a) Hex House shelter [69], (b) Rapid Deployment
Module, photo courtesy of RDM and Fast Company [65], (c) Fiji 2012 transitional shelter, photo by
Habitat for Humanity Fiji [81], (d) Iraq 2015–2016 transitional shelter, photo by Alan Miran [27].

5. Discussion

The review of academic literature around PDPC sheltering and this research on ‘existing solutions’
and ‘novel designs’ allow us to understand best practice and common pitfalls across the three main
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sustainability dimensions. The main lesson learnt from previous shelter cases in regard to the social
dimension is that one room designs do not meet social needs. The possibility of adding an internal
fabric division to a single room does not match the performance of a more substantial wall. One of the
common challenges in both the ‘novel designs’ and the ‘existing solutions’ is that the toilet/shower and
the kitchen are not considered during the design phase. Private facilities are a major need in many
cultures and failing to provide them leads to social, health and psychological problems.

Adding those private facilities at a later stage usually results in a waste of time, requires additional
resources and incurs higher costs. In addition, the size of the shelter should match the number of
space users, their age and gender. Providing one size shelter does not respond to diverse family
needs. The Sphere project [4] recommends a minimum covered area of 3.5 m2 per person, and despite
the fact that this number has no scientific basis [85], most designs do not even meet such minimum
recommended area. The minimum acceptable covered space per person will differ between contexts
and cultures. Using materials that are familiar or accepted within the residents’ culture, as well as being
maintainable, are important social elements to consider. The shelter should be adequately designed
before being distributed as it should not depend on the individual ability to source additional materials.
In addition, providing spaces for the residents’ animals is an important need in cultures where animals
play a significant role. The primary recommendation to fulfil the social sustainability aspect in any
shelter design would be to consider the importance of engaging with the residents in the design from
early stages. That would help in providing a more satisfactory shelter, which responds to their own
cultural needs and at the same time enhances their sense of ownership of their shelters.

In the environmental dimension, it was noted that all renewable energy applications are positive
additions to any shelter design. However, it should be considered that these renewable sources cannot
be the only energy source as they generally depend on weather conditions, which are uncertain.
In addition, those applications are only cost effective if considered over the long term, and in most
cases the duration of the situation is unknown, and budget is limited. Using natural materials like
wood, bamboo, thatch, mud and other bio-based or recyclable materials could reduce environmental
impacts, but this can only be explicitly analyzed through, for instance, life cycle assessment (LCA)
and evidence, rather than the designer’s intuition, which frequently drives design choices. Self-made
materials such as woven bamboo mats or mud blocks can save money, increase the residents’ sense of
ownership and be at the same time more sustainable. If seasonal materials are used in the design, then
a planned alternative should be identified for cases when the need for shelter falls out of that season.
In general, the use of local materials is preferable but prefabrication could in some cases save time,
and provide the necessary thermal comfort. Whatever is the selected approach, designing a shelter
that can withstand the local weather conditions is a priority, especially in areas prone to severe weather
phenomena. Appropriate passive cooling and heating techniques are usually found in a region’s
vernacular architecture and traditional houses. These techniques are generally more sustainable and
familiar to the people. Utilizing them can have positive impacts on both the social and environmental
dimensions. There could also be, however, a tension between greater environmental sustainability
and greater social sustainability. For instance, in Uganda, as soon as people can afford to, they will
get rid of environmentally-friendly thatched roofs as they “harbor pests and disease and are high
maintenance, and will upgrade to a metal of tiled roof” [86]. So much so, that the Pulse Lab Kampala
is using roof types as an indicator to measure poverty [86].

Materials are also influenced by the temporary nature of most shelters. Permanent shelters are
not allowed in most cases, especially after conflicts, where the status of the land is a major concern.
The limitations on the approved materials unfortunately direct organizations toward unsustainable
materials which do not guarantee adequate levels of protection, such as plastic sheeting and corrugated
galvanized sheets. Therefore, a pre-planned sustainable option could be explored and considered for
each region, in order to alleviate the time pressure due to the urgency of PDPC situations. The lifespan of
shelters and options for their reusability/recyclability should be considered while evaluating alternative
designs to have a more realistic understanding of their values.
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Most of the ‘novel designs’ have unrealistically high cost that exceeds that which UNHCR, IFRC
and their operational partners usually pay for shelters. This difference is clearly noted by comparing
the cost of the ‘novel designs’ with the cost of the ‘existing solutions’. Since some of the ‘novel designs’
have never been prototyped, not all of them had published cost. On the other hand, the 12 studied
‘existing solutions’ had published material costs (not the full cost), and they range from $380 for the
Philippines 2012 [81] to $5500 for the Iraq 2015–2016 [27]. The average material costs for the 12 cases is
$1300. There is no fixed preferred cost for shelters, but the calculated average material cost can give an
indication for what is considered affordable for PDPC shelters. It is vital to understand that the goal of
a reduced shelter cost is not only to save money but most importantly to help more people within a
fixed budget. Usually the shelter project beneficiaries are much fewer than the affected people who
need help. Therefore, the principal purpose is to give the best shelter quality at the lowest possible cost
to help the maximum possible number of people in need.

6. Conclusions

In the humanitarian sector, there are no agreed terminologies regarding sheltering and the existing
terms are usually misused, which can mislead researchers and policy makers. The classification of
shelters depending on their historical application values the field implementation, as it differentiates
between the shelters that were already used by beneficiaries in real PDPC scenarios (i.e., existing
shelters), and the shelters that were designed for PDPC scenarios but were not implemented and used
by the affected people (i.e., novel designs).

It is widely understood that a compromise is always necessary in designing shelters, specifically
between cost, performance, durability, cultural appropriateness and building technologies [20].
Considering sustainability in this complex scenario, which is often further constrained by resources
and time, is inevitably challenging. However, it has a vital role to play in the wider wellbeing of
the displaced. Currently, both existing and novel shelter solutions as described in this article fail to
adequately meet the users’ needs and a rethinking is therefore necessary. Additionally, the global need
to address the climate crisis, and the consequential social benefits of more sustainable designs, push
for a more holistic view of shelter design, one that addresses all three pillars of sustainability. Table 4
illustrates a summary of considerations when dealing with PDPC shelters in both the design stage and
choosing materials, against the three dimensions of sustainability.

The main limitation in this research paper is the dependence on the available documented
information instead of testing the prototypes themselves or conducting field visits and surveys.
Moreover, the lack of an agreed documentation form for the shelter projects, resulted in having
information which is neither consistent nor harmonized and therefore limited the scope of the
compared indicators. The information was cited as found in the references, which means that they are
not verified, specifically the ‘novel designs’. This limitation forced a degree of qualitative interpretation
to classify the indicators into pros and cons. Another limitation is the wide sample of studied shelters
that were not focused on the responses of a certain disaster or a geographic region, which could
offer clearer and more specified criteria for designing PDPC shelters. Future research could target a
narrower group of shelters based on disaster type, location of shelters, culture, method of building,
and/or political situation. Future research could also seek other ways of sourcing information, such as
lab tests and field visits, to be able to collect the necessary data to achieve quantitative results.

Acknowledging and identifying compromises is a way to clarify possible future amendments
and to achieve more sustainable shelter designs in future. This is what this article has sought to
achieve, to comprehensively review the ‘novel designs’ and ‘existing solutions’ for post-disaster and
post-conflict sheltering and conclude possible consideration for future shelter designs. The review
was based on the available academic literature, organization reports and desk-based research to assess
sustainability dimensions of shelter, which proved to be very limited. Both shelter clusters have
been evaluated against social, environmental, and economic sustainability, in an attempt to qualify
pros and cons along each dimension. Rather than to prescribe future design efforts, the aim of this
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paper was intended to identify best practices and successful and unsuccessful elements of design. A
clearer understanding of successful approaches and areas for improvement represents an important
stepping-stone for future work in this area to accelerate the transition to sustainable shelter solutions.

Table 4. Recommended PDPC shelter considerations.

Social Sustainability Environmental Sustainability
Economic

Sustainability

DESIGN
PHASE

Engage the residents in the designing phase Use renewable energy applications, when applicable

(No available
information on the cost

of the design phase)

Include private facilities whenever required
Appropriate passive cooling and heating techniques
could be adopted from the region’s
vernacular architecture

The size must match the number of residents, their
age and gender requirements

Consider the life-span of the shelter- Make it
reusable or recyclable

Include spaces for the animals when needed

CHOOSING
MATERIALS

Familiar or accepted within the residents’ culture Use natural materials and other bio-based or
recyclable materials, when applicable

The material costs for the
shelter is preferred to

be around $1300Maintainable Use self-made materials whenever possible

Available The use of seasonal materials shall be accompanied
with a planned alternative The material costs shall

not exceed the maximum
amount of $5500Temporary whenever the status of the land is

a concern
A mix between local materials and prefabrication
could be useful depending on the case

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/3/890/s1 and
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Table S2: Extended table—Existing solutions sustainability comparison.
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