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Abstract

:

It is well known that the Gulf Cooperation Council (GCC) of countries resides at or close to the top of the global table of CO2 emissions per capita and its economy relies heavily on its fossil fuels. This provides a context for green building programs that initially aim to create an understanding of emission pathways within the GCC and hence develop approaches to their reduction in the built environment. A set of criteria will allow specific analysis to be undertaken linked to the spatial dimensions of the sector under study. In this paper, approaches to modelling energy consumption and CO2 emissions are presented. As investment in the built environment continues, natural resources dwindle and the cost of energy increases, delivering low-energy buildings will become mandatory. In this study, a hybrid modelling approach (bottom-top & top-bottom) is presented. Energy benchmarks are developed for different buildings’ uses and compared with international standards. The main goals are to establish design benchmarks and develop a modelling tool that contains specific information for all buildings types (existing and new), as well as planned and projected growths within the various city districts, then integrate this database within a geospatial information system that will allow us to answer a range of “what-if”-type questions about various intervention strategies, emissions savings, and acceptability of pre-defined course of actions in the city sector under consideration. The spatial carbon intensity may be adjusted over a certain period, (e.g., through local generation (microgeneration)) or due to an increasing proportion of lower carbon-energy in the generation mix and this can be related to the sector and city overall consumption.
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1. Background


Climate change has received much attention at international forums amongst politicians and business leaders in the past decade. Scientists recognise the relationship between global warming and climate change. The carbon footprint arose out of the debate on climate change and became a tool to measure and estimate greenhouse gas (GHG) emissions related to human activities [1,2] and raised the concern to countries to setup integrated climate and energy policies [3]. It measures the emission of gases that contribute to heating the planet in carbon dioxide (CO2) equivalents per unit of time or product.



The building and construction sectors consume large amounts of energy, water, and other natural resources. Consequently, they produce waste, GHG emissions, and air pollution. Globally, buildings in developed countries consume about 30% to 40% for heating, cooling, and other purposes [4]. However, one-third of energy related to GHG emissions is associated with the building sector. Energy benchmarking for domestic and non-domestic buildings has attracted a number of researchers [5,6,7,8,9,10,11,12,13,14,15].



Recently, Qatar has had a rapid boom in construction development activities, such as the Qatar Integrated Railway Project, planning new cities and high-rise building construction. According to the Qatar Statistics Authority, there has been a 50% increase in the number of buildings between 2004 and 2010 in Qatar, and natural gas provides nearly all of the electricity and energy used in buildings. Hence, energy use in buildings contributes significantly to Qatar’s GHG emissions. Additionally, the integration of buildings with transportation and economic infrastructure can impact the overall CO2 emissions and dictate social and environmental outcomes. Obviously, the design of buildings during Qatar’s rapid growth can considerably affect the country’s development. The building and construction sectors present both challenges and opportunities for Qatar in promoting sustainable development [16]. The CO2 emissions in the GCC region are shown in Figure 1.



Governments, policy makers and businesses are urgently required to mitigate global warming and to seek ways to reduce GHG emissions in response to growing interests and concerns about climate change over the past two decades. Awareness of global warming was raised by the Intergovernmental Panel on Climate Change (IPCC), which also provided scientific insights on climate change to governments [17].



The first IPCC assessment report played an important role in the establishment of the United Nations Framework Convention on Climate Change (UNFCCC) [18]. Efforts under the UNFCCC led to the Kyoto Protocol, an international agreement to cut GHG emissions with specific reduction targets by country. It was signed in December 1997 and entered into force in 2005 [18]. Qatar is a Non-Annex І party, and therefore it is not obliged to introduce binding emission reduction targets legally. However, since environmental protection has been enshrined in the constitution and climate change is a cross-cutting element for sustainable development, Qatar recognises the need to be integrated into all relevant social, economic and environmental policies.
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Figure 1. The Gulf Cooperation Council (GCC) region CO2 emissions per capita. 
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Qatar recently hosted the Conference of the Parties (COP18) of the UNFCCC where an agreement was signed to extend the life of the Kyoto Protocol to 2020 (with an interim arrangement to achieve progress towards the accord terminates). Although achieving a consensus approval is extremely difficult when taking into account the divergent views and interests of participating countries, the conference could be considered an achievement for Qatar [19]. By 2030, Qatar aims to be an advanced society capable of sustaining its development and providing a high standard of living for its people. The Qatar National Vision 2030 (QNV 2030) [20] embraces four main pillars: economic, social, human and environment developments. The initial path for this vision was set out within the Qatar National Development Strategy (QNDS 2011–2016) [21], launched on 28 February 2011 to describe a strategy for sustainable development in Qatar and promote energy efficiency in new buildings.



As a response to an overall environmental policy laid down by government in itiatives, the Gulf Organisation for Research and Development (GORD) has repeatedly demonstrated its commitment to sustainability, primarily by the development of the Qatar Sustainability Assessment System (QSAS). The Global Sustainability Assessment System (GSAS) is an expansion of the QSAS code designed to be the foremost green buildings standard in the Middle East and North Africa, based on a comprehensive review of global best practices and its adaptation to the regional context. GSAS is mainly a performance-based sustainability rating system. It was developed to create a sustainable urban environment that reduces environmental impacts while satisfying local community needs, in addition to addressing all relevant aspects of sustainability, ecological impact and green building design criteria [22]. GSAS covers all phases of a building’s life, i.e., design, construction and operation, taking into account the specific requirements of the region. Its scope emphasises a range of sustainability issues including energy, carbon and mitigation of climate change, water and adaptation to climate change and ecosystems [23]. Qatar Construction Specifications (QCS 2014) [24] adopted the GSAS minimum standards as part of the building code.



This research work conducts a review of energy consumption and carbon emissions procedures. Here, a hybrid modelling approach and energy benchmarks in the GCC region are presented.




2. Energy Consumption and Carbon Emissions Modelling Procedure


Several theoretical frameworks in the literature are used to conceptualise energy consumption and carbon emissions. Keirstead [25] explored the fact that such frameworks fall into disciplinary and integrated domains. Consequent studies identified four main disciplines (engineering, economics, psychology, and sociology and anthropology). Natarajan et al. [26] recognized the limitation of purely disciplinary approaches to analysis of energy consumption and carbon emissions which are reflected in their inability to give a proper explanation for the disconnection between actual and predicted values. In dwellings, Hitchcock [27] suggested an integrated framework of energy use and behaviour.



Two main approaches are used as alternatives to modelling energy consumption and carbon emissions: top-down and bottom-up. The top-down works to predict the future by fitting the historical time series data on energy and carbon emissions to macroeconomic variables using econometric and multiple regression methods [28,29]. This approach was criticised with regard to its lack of flexibility in using and incorporating details regarding current and future technological improvements with other variables such as the socio-technical and behavioural aspects of energy consumption and carbon emissions [28,30].



In the domestic energy sector, top-down modelling approach has been extensively used and implemented for several household energy consumption and carbon emissions models [1,31,32,33,34,35,36].



The bottom-up approach to modelling is a building physics modelling technique that requires quantitative data on physically measurable variables like building fabric, heating and cooling systems, etc., and does not rely on historical data [29,36,37,38,39].



In this study, our model will be based on building physics (bottom-top approach) using a hybrid method that produces mainly archetypes, distribution and sample methods. The proposed structure for energy and carbon models is shown in Figure 2 below. The detailed energy consumption and carbon emissions model structure for each building stock type and profile is shown Figure 3 and Figure 4.



The approach defined in this document relies on the relevant CEN/ISO standards for building energy performance, which have been prepared under a mandate given to CEN by the European Commission and the European Free Trade Association (Mandate M/343). This mandate supports the essential requirements of EU Directive for the energy performance of buildings (EPBD) [40]. This series of standards aims to provide consistent methodologies for the calculation of the energy performance of buildings.



The GSAS calculation of energy performance for buildings in the MENA region, as set forth in this document, has fully adhered to all parts of the CEN/ISO set of standards.. An overview of the complete set of CEN/ISO standards for building energy performance assessment is given in CEN/TR 15615 [26].
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Figure 2. Proposed energy and carbon models structure. 
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Figure 3. Schematic illustration of the developed tool calculation scheme. 
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Figure 4. Flow chart of energy consumption calculation procedure for building type. 
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The following is an explanation of the calculation nodes in Figure 3: Node (1) represents the energy needed to fulfil the user’s requirements for heating, cooling, lighting, etc., according to levels that are specified for the purposes of the calculation. Node (2) represents the “natural” energy gains—passive solar heating, passive cooling, natural ventilation, daylighting—together with internal gains (occupants, lighting, electrical equipment, etc.). Node (3) represents the building’s energy needs, obtained from Node (1) and Node (2) along with the characteristics of the building itself. Node (4) represents the delivered energy, recorded separately for each energy carrier and inclusive of auxiliary energy, used by space heating, cooling, ventilation, domestic hot water, and lighting systems, taking into account renewable energy sources and co-generation. This may be expressed in energy units or in units of the energy type (kg, m3, kWh, etc.). Node (5) represents renewable energy produced on the building premises. Node (6) represents generated energy, produced on the premises and exported to the market. This can include part of Node (5). Node (7) represents the primary energy usage or the CO2 emissions associated with the building. Node (8) represents the primary energy or CO2 emissions associated with on-site generation which is used on-site and thus is not subtracted from Node (7). Node (9) represents the primary energy or CO2 savings associated with energy exported to the market, which is thus subtracted from Node (7).



In the past, energy codes were formulated in prescriptive terms (i.e., prescribing certain features of the planned building). Now, many countries are grounding their energy regulations and standards on a performance basis.



This transition requires that the code only contains statements that one must prove and the expected performance complies with a certain minimal requirement. This means that the code needs to be supported by a standard that defines the performance and normatively states the way to calculate it, with phase relevant parameters as input. The latter means that for “as-designed” performance one would define which design parameters are used as inputs, whereas for “as-operated” performance one would use parameters that describe the operation of the building in addition to design specifications. This requires a benchmark to be established for each building type.



Figure 4 presents the flow chart calculation procedure in EN-ISO 13790 [41].




3. Establishing Energy Consumption Baseline and Benchmarks for Building Typologies


There are a number of carbon footprint assessment methodologies, such as the IPCC’s Guidelines for National Greenhouse Gas Inventories [42], the GHG protocol [43] and UK’s PAS2050 [44] and forthcoming PAS2070 [45] for cities. These constitute a framework to calculate the carbon footprint across sectors. But at the city level, calculation boundaries, emissions factors and other parameters still need to be investigated to identify the impact of growth and changing climate. These boundaries are specific to the spatial regions under consideration and will need to be quantified through both data analysis and modelling approaches [23].



The first step is to establish baseline benchmarks based on dynamic simulation modelling for different buildings types in the region using existing design data, i.e., business-as-usual practices. Doha is the largest city in Qatar and its capital city. Due to the rapid urbanization in the region, many high-rise commercial buildings have been built in recent years to satisfy the increasing demands for offices. For instance, Doha West Bay is considered one of the most prominent business districts of Doha. It includes many modern high-rise commercial towers, and many more are planned to be built in the near future, see Figure 5.
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Figure 5. Doha West Bay Business District. 
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The example below demonstrates how the energy consumption baseline is established for commercial buildings.



Design information for ten existing commercial buildings in Qatar is available for the test (necessary assumptions have been applied as well due to the inadequacy of information for some buildings), see Table 1, Table 2, and Table 3.
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Table 1. Building Profiles of Studied Sample Buildings.







Table 1. Building Profiles of Studied Sample Buildings.







	
No

	
Name

	
Picture

	
Profile






	
1

	
HE
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H.E. Ahmed Abdulla Al Mahmoud




	
Location: West Bay, Doha




	
Floors: B + G + 19




	
Size: 14,747 m2




	
2

	
UT
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United Tower




	
Location: Al Sadd, Doha




	
Floors: B + G + 7




	
Size: 10,711 m2




	
3

	
AT
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Attiyah Tower




	
Status: Under Construction




	
Location: West Bay, Doha




	
Floors: B + G + 23




	
Size: 45,175 m2




	
4

	
T1
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Barwa Financial District, Tower 1




	
Location: West Bay, Doha




	
Floors: 3B + 3G + ME + 13 + ME




	
Size: 16,918 m2




	
5

	
T2
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In the same district with the above building

	
Barwa Financial District, Tower 2




	
Location: West Bay, Doha




	
Floors: 3B + 3G + ME + 16 + ME




	
Size: 20,223 m2




	
6

	
T3

	
In the same district with the above building

	
Barwa Financial District, Tower 3




	
Location: West Bay, Doha




	
Floors: 3B + 2G + ME + 19 + ME




	
Size: 26,036 m2




	
7

	
T4

	
In the same district with the above building

	
Barwa Financial District, Tower 4




	
Location: West Bay, Doha




	
Floors: 3B + 2G + ME + 22 + ME




	
Size: 31,584 m2




	
8

	
T5

	
In the same district with the above building

	
Barwa Financial District, Tower 5




	
Location: West Bay, Doha




	
Floors: 3B + 2G + ME + 26 + ME




	
Size: 30,536 m2




	
9

	
T6

	
In the same district with the above building

	
Barwa Financial District, Tower 6




	
Location: West Bay, Doha




	
Floors: 3B + 2G + ME + 28 + ME




	
Size: 38,400 m2




	
10

	
T7
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In the same district with the above building

	
Barwa Financial District, Tower 7




	
Location: West Bay, Doha




	
Floors: 3B + 2G + ME + 44 + 2ME




	
Size: 63,233 m2
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Table 2. Summary of design data.







Table 2. Summary of design data.







	
Building Name

	
Design Data






	

	
HE






	
Wall: U value 0.56 W/m2K; Window: U value 2.4 W/m2K; Shading Coefficient 0.56




	
System: Air cooled chillers with constant volume air handling units; Lighting: 15 W/m2




	
Ventilation: 8 l/s/person; Equipment: 2 W/m2




	

	2.

	
UT







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Air cooled chillers with constant volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person; Equipment: 2 W/m2




	

	3.

	
AT







	
Wall U value 0.56 W/m2K; Window U value 1.8 W/m2K, Shading Coefficient 0.6; System: Air cooled chillers with constant volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person; Equipment: 2 W/m2




	

	4.

	
T1







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	5.

	
T2







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	6.

	
T3







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	7.

	
T4







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	8.

	
T5







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	9.

	
T6







	
Wall U value 0.56 W /m2K; Window type-1: U value 1.8W /m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2




	

	10.

	
T7







	
Wall U value 0.56 W/m2K; Window type-1: U value 1.8 W/m2K, Shading Coefficient 0.6




	
Window type-2: U value 1.6 W/m2K, Shading Coefficient 0.42; System: Purchased district cooling with variable volume air handling units; Lighting: 15 W/m2; Ventilation: 8 l/s/person




	
Equipment: 2 W/m2









Dynamic simulation modelling was conducted using the design data of the ten commercial towers. Table 2 shows the buildings component and technical systems information which was extracted from the design documents. The operation schedule, Table 3, has been applied to all sample buildings.
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Table 3. Operation Schedule.







Table 3. Operation Schedule.







	
Operation Time

	
7 a.m. to 5 p.m. (10 h)






	
Occupancy

	
10 m2/person




	
Occupied set point Temp

	
23 °C




	
Unoccupied Set point Temp

	
28 °C









The simulation results of eQuest and Energyplus are shown in Figure 6. The annual average energy consumption of the sample buildings is 181 kWh/m2. It is essential to compare the modelled building’s baseline with the best practices standards deployed in the region, i.e., ASHRAE standards 90.1. The main purpose of the ASHRAE building energy standard 90.1 is to set minimum energy efficiency requirements for the design of new buildings and also for new systems in existing buildings. For the methodology to derive a sensible GSAS reference value, the ASHRAE 90.1-2007 [46] simulation was performed for the ten sample buildings, this led to an average normalised value of 128 kWh/m2/year which is 30% less than the existing design value. The GSAS benchmark was set to be 89 kWh/m2/year, assuming all commercial buildings (existing and new) are subject to improvements.
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Figure 6. Baseline simulation results for 10 typical commercial buildings in Qatar. 
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The results obtained from dynamic simulation for the ten buildings are normalised and depicted graphically in Figure 7. It can be seen that the GSAS design benchmark (mandated in the building code) is almost 50% less than the business as usual practices design (the baseline) and at least 30% less than ASHRAE 90.1-2007 [46] (best practices in the region).



An important philosophical difference between the ASHRAE 90.1 [46] and GSAS compliance approaches is that, according to ASHRAE, the comparison is not done with respect to peer buildings but only to itself (i.e., its own cost budget as a baseline). As it happens, this baseline has a relatively high energy consumption, which results in a design/cost-budget value that is relatively low. This is one of the major concerns when using ASHARE 90.1 [10] for energy performance compliance. A poor building may pass as long as it improves its own baseline sufficiently. However, the GSAS approach is to set a benchmark based on the building type into which all buildings should adhere to.
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Figure 7. Energy consumption baseline for commercial buildings in Qatar (kWh/m2/year). 
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It is important to understand that not all commercial buildings are functionally equivalent. For instance, one building can have a retail space whereas another building does not. There is no rational basis on which to consider both buildings if they are not functionally equivalent. Therefore, to accommodate the comparison and thereby the rating, it is essential that buildings are compared on the basis of normative assumptions of their internal processes and usage scenarios. This is the reason that buildings of the same type are subjected to a normative scenario and all secondary functions are based on each space function benchmark.



Again, because of lack of data, the determination of the reference value for another building type was based on a similar parametric study as shown above for commercial. The baseline, ASHRAE 90.1 [46] and benchmarks for different building types are summarised in Figure 8.
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Figure 8. Energy consumption baseline for different building types in Qatar (kWh/m2/year). 
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Due to lack of field measurements it is difficult to establish the correlation between actual energy consumption and the simulated values. This correlation will be established as measurements were taken or obtained from local authorities. A continuous discussion with the electricity and water authority is underway to obtain the same.




4. Conclusions


The operation of buildings contributes 30%–40% of total global energy use and associated CO2 emissions [47]. This paper serves as a master document for the application and implementation of the CEN/ISO energy performance standard and all its related standards to buildings in the GCC region. It explains the roadmap of the calculations and points to all the relevant parts of the standards, including references to detailed explanations and stipulations.



This research introduced energy baselines for several building types (Commercial, Schools, Residential, Hotels, Mosques and Light Industry). The GSAS energy benchmarks performance standard is part of a larger effort targeting building sustainability regulation, supported by the Global Sustainability Assessment System (GSAS). The forthcoming building regulation in Qatar [48] includes mandatory levels of sustainability performance and potentially energy certification. Both reference the Building Energy Performance standard for all underlying normative calculations and references. Future research will deal with the development of a building energy code that is ready to be implemented in the local situation and the local regulatory building code system of the GCC region. It is expected that this future code development will heavily rely on the energy portion of the overall GSAS rating system.
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