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1. Introduction 

    It is commonly agreed that construction, operation and maintenance of conventional buildings 
is associated with a wide range of negative environmental impacts caused by significant 
consumption of the earth’s primary resources, changes is land use, waste generation and so 
fourth. Commitment to the environment combined with economic considerations and the desire 
to reach higher levels of environmental, economic, health and community benefits have led to 
creation of “green buildings” which is marked as building construction withsustainable-energy 
future. The growing awareness of harmful impacts of construction industry and its diverse 
features’ contribution to environmental degradation has led to establishment of different building 
environmental assessment methods in different countries such as LEED (USA), LEED Canada 
(Canada), BREEAM (United Kingdom), CASBEE (Japan) and NABERS (Australia) 
(Papadopoulos et al, 2009). 

 

    LEED (Leadership in Energy and Environmental Design) is a green building rating system 
which takes the entire sustainability aspect of a building into account by setting requirements on 
environmental performance, system-wide solutions toward energy efficiency, reducing material 
consumption, life cycle assessment, green design, and use of cleaner and more healthy materials. 
LEED is user-friendly and practical, while relying on rigorous quantitative performance metrics.  
The LEED 2009 rating system assesses a building’s sustainability aspects through five “credit 
categories”. They are  

• Sustainable Sites (SS) 
• Water Efficiency (WE) 
• Energy and Atmosphere (EA) 
• Materials and Resources (MR) 
• Indoor Environmental Quality (IEQ).  

Within each credit category there are a set of credits consist of requirements that are typically 
benchmarked against one or several performance metrics. Meeting all of a the requirements 
results in a building qualifying for that credit. In turn, every credit is associated with a certain 
number of points. Within LEED 2009, there are 100 possible base points with 6 and 4 additional 
points for Innovation in Design and Regional Priority respectively. Depending on the number of 
points a building is able to earn, it can achieve a level of LEED certification as; Certified (40-49 
points), Silver (50-59 points), Gold (60-79 points), Platinum (80 and above points) (USGBC, 
2009).      
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    LEED can be executed in different project types such as residential-commercial buildings, 
new construction, renovations, operation and maintenance of existing buildings, core and shell 
development, commercial interiors, schools, single and multifamily homes and urban 
neighborhoods.  

2. Purpose and Methodology  

    Today, environmental conditions are gradually gathering more attention on both local and 
global scales. Among different environmental impacts that developments might have, “global 
warming” –a phenomena that is resulted from long term build-up of Greenhouse Gases (GHGs) 
(methane, carbon dioxide, nitrous oxide, etc.) in higher layers of the atmosphere- has got a strong 
focus these days and calls for changes from the public, industries and governments (Mohamad et 
al, 2009). High emissions rates of GHG’s and other heat trapping greenhouse gases has been the 
consequence of substantial growth in environmentally hazardous human activities e.g. fossil 
fuels burning (for heating, transportation, electricity generation and etc.), rapid deforestation 
(clearing and burning of forests) and changes in land use (forestry, agriculture, industry and etc.) 
(Moomaw et al, 2007).   
 
    Carbon dioxide is the main contributing component to future climate change among all human 
induced drivers. Between the years of 1750 and 2007, atmospheric carbon dioxide concentration 
has increased from 280 ppm to 383 ppm (with recent trend of around 2ppm/year). About 75% of 
this rise is caused by carbon dioxide emissions from combustion of fossil fuels while the other 
25% is from land use emissions (Myhre et al, 2009).   
 
    Research has shown that the level of urban development and welfare in different societies is 
related to rates of carbon dioxide emissions.	  1% increase in gross domestic production per capita, 
can give a 0.5-1.5% rise to carbon dioxide emissions per capita. This coefficient also changes 
when income levels per capita increase. As most of the studies show, per capita carbon dioxide 
emissions starts to grow when GDP/capita is increased, but after a certain level of GPD/capita, 
carbon dioxide emissions per capita will start to decrease by increase in income level (Sathaye et 
al, 2009). In 2004, USA had 19.73 tons of CO2 emission per-capita (Tokgöz, 2010). 
  
    In general we can say that there are five main factors that affect CO2 emission rates in cities: 
 

1. Urban planning efficiency and the urban density 
2. Performance of the buildings 
3. Efficiency of the whole energy system and the infrastructure (depending on the age of the 

equipment for example) 
4. Behavior of the inhabitants 
5. Sources of the energy being used (renewable or fossil energy) (Salat, 2009) 
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    This literature study, tries to assess what the current state of science can say about the 
potential CO2 emission reductions resulting from the different credits in LEED 2009 for New 
Construction. It goes without saying that finding accurate and detailed correlations for all credits 
is a complex task that requires a level of effort that falls outside the scope of this thesis. There 
has not been enough research made on the impacts of green buildings and the GHG rates in 
different stages of construction and operation of a building highly depend on geographic 
coordination and climate conditions.  Hence, to get relevant values, all upstream and downstream 
flows should be comprehensively evaluated, and of course it is almost impossible to find the 
exact correlations for all these cases in the literature because of the high diversity of 
geographical locations and climate conditions. The right approach for this study is therefore to 
introduce simplifications wherever it still conveys a meaningful message without being 
simplified to the point where it is detached from reality. The relevance of the measured figures is 
almost scrutinized using the available data through the literature. The scope for this study is 
limited to those credits in LEED 2009 which have some impact on the greenhouse gas emissions.  

    For each credit the available literature that were found is analyzed and the conclusions and in 
particular the quantitative correlations were summarized as Results Summary. 

	  

3.  Analysis  

 

3.1. Site Selection (SS) 

    LEED 2009 credits and corresponding points for Site Selection (SS) are shown in Table 1.  

 

Table 1: Site Selection (SS) credits overview in LEED 2009 for New Construction (NC) (USGBC, 2009) 

Credit Title NC 
SS Prerequisite 1 Construction Activity Pollution Prevention Required 
SS Prerequisite 2 Environmental Site Assessment NA 
SS Credit 1 Site Selection 1 point 
SS Credit 2 Development Density and Community Connectivity 5 point 
SS Credit 3 Brownfield Redevelopment 1 point 
SS Credit 4.1 Alternative Transportation-Public Transportation Access 6 point 
SS Credit 4.2 Alternative Transportation-Bicycle Storage and Changing 

Rooms 
1 point 

SS Credit 4.3 Alternative Transportation-Low Emitting and Fuel-Efficient 
Vehicles 

3 point 

SS Credit 4.4 Alternative Transportation-Parking Capacity 2 point 
SS Credit 5.1 Site Development-Protect or Restore Habitat 1 point 
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SS Credit 5.2 Site Development-Maximize Open Space 1 point 
SS Credit 6.1 Store water Design-Quantity Control 1 point 
SS Credit 6.2 Store water Design-Quality Control 1 point 
SS Credit 7.1 Heat Island Effect-No roof 1 point 
SS Credit 7.2 Heat Island Effect- Roof 1 point 
SS Credit 8 Light Pollution Reduction 1 point 
SS Credit 9 Tenant Design and Construction Guidelines NA 
SS Credit 9 Site Master Plan NA 
SS Credit 10 Joint Use of Facilities NA 

	  

 

3.1.1. SS Credit 1 (Site Selection)  
 

 Credit explanation: This credit is to reduce environmental impacts from location of 
construction, by not establishing buildings on portions of prime farmlands, forests, 
wetlands and other categories of undeveloped land (USGBC, 2009).  

Discussion    

    Among greenhouse gases CO2 has a 60% role in the global warming, and 20% of the total CO2 
emissions comes from soil respiration (Rastogi et al, 2002). Soil and vegetation are among the 
most important cases to be considered in carbon sequestration (Andrews, 2008). Soils of the 
earth contain nearly twice (1400-1500 Gt Carbon) as much carbon in comparison to the 
atmosphere.  

    Carbon in the agricultural soil is 170 Gt while the whole vegetation contains 550 Gt of carbon. 
Vegetation and soil together, lead to exchanges of 100 Gt C with the atmosphere each year, in 
which 50-75 Gt C is caused by soil respiration alone. Microbial, root and faunal respiration, are 
three biological processes that release carbon dioxide from soil respiration. Chemical oxidation 
which occurs at higher temperatures can be a non-biological source (Rastogi et al, 2002). The 
amount of carbon that trees and soil sequester is highly dependent on changes in the land use and 
the rate of build out. In average each tree sequesters 8.6 Kg of CO2 in a year (Andrews, 2008). 

Method – Case Study 

  By reviewing land use changes recently made in US, it can be inferred that among all land 
categories in New Jersey for instance, the largest growth in different land categories is associated 
with the urban category. Wetlands, forests and agricultural lands are rapidly being replaced by 
urban land. Statistics for New Jersey provided by New Jersey Department of Environmental 
Protection (NJDEP) show that from 1986 to 2002, urban area has grown by 19.2% and has 
reached 582,936 hectares (1.44 million acres), agricultural land has shrank to 241,518 hectares 
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(0.60 million acres) with a 19.8% reduction, forested land faced a shrinkage by 4.0% and are 
reduced to 637,470 hectares (1.58 million acres), wetlands had a 3.8% reduction to 408,548 
hectares (1.01 million acres), barren land have faced a 7.2% increase and reached 24,828 
hectares (0.06 million acres), and water had a 2.2% increase and reached 323,981 hectares (0.80 
million acres). New Jersey has gained 51,005 hectares (126,037 acres) of urban land between 
1986 and 1995, and 42,846 hectares (105,874 acres) between 1995 and 2002, showing a rapid 
pace in the continuous land conversion rate. Studying the forests data indicates that the carbon 
sequestration rate is being slowed, as a smaller fraction of forests are rapidly growing rather than 
mature (Andrews, 2008). 
 
Calculations 

    As shown in Table 2, total emissions resulted from deforestation has been 830,628 tons of 
CO2-Eq./year in 2000. As inferred from statistics, urban district has grown 93,896 hectares in 16 
years (from 1986 to 2002) which means average annual rate of 5686.5 hectares. Thus, net carbon 
dioxide equivalent emissions due to the growth of urban area can approximately be calculated 
(830623/5868.5) as 141.54 tons of CO2 Eq./hectare (57.28 tons of CO2 Eq./acre). 

 

Table 2: New Jersey case study, CO2-equivalent emissions in 2000 (metric tons/year) (Andrews, 2008) 

Municipality category Emissions   
Landscape carbon sequestration  
Deforestation  
Heat island 
Infrastructure transportation 
Electric losses 
Waste management  
Building residential  
Commercial  
Total CO2 emissions 
CO2 emissions per capita  

-7,097,304 
830,628  

0 
29,493,113 

2,272,076 
6,670,000 

28,059,382 
21,809,374 
82,537,269 

10 
 

    As shown in Table 3, by forming new vegetated areas or re-vegetation strategies, it is possible 
to reach higher levels of carbon dioxide land sequestration.  

Table 3: Carbon dioxide sequestered per acre for each land type that  
will be preserved or created. (Fehr and Peers, 2010) 

 
Land use 

 
            Sub category 

      Default annual CO2 
    accumulation per acre                             
           (MT CO2/acre) * 

Forest Land                   Scrub 
                 
                  Trees  

                   14.3 

                   111 

Cropland                     ---                    6.9 
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Grassland                     ---                    4.31 

Wetlands                     ---                       0 

*calculation by multiplying total biomass (MT dry matter/acre) from IPCC data by the carbon fraction in plant 
material (0.47), then using the ratio of molecular weights (44/12) to convert from MT of carbon to MT of CO2. 

 

 Results summary 

     Carbon dioxide emissions resulted from developing buildings in undeveloped lands is 
calculated as 57.28 tons of CO2-Equivalent/ acre, which is comparable to results reported by 
Fehr and Peers (2010) shown in Table 3.  

	  

3.1.2. SS Credit 2 (Development Density and Community Connectivity), SS Credit 4 
(Alternative Transportation) 
 

 Credit explanation: In this work, these credits are assessed together as they both are 
related to transportation emissions reduction. SS credit 2 requires a community with a 
minimum density of 60,000 ft2 per acre net. SS credit 4 requires rail station or bus stop 
proximity, provision of bicycle racks and encouraging higher use of fuel efficient vehicles 
(USGBC, 2009).  

Discussion  

    There are three major ways to lower CO2 emissions from transportation; increasing fuel 
efficiency, lower the carbon intensity of fuels, or reducing the VMT (total number of vehicle 
miles travelled) (Moomaw et al, 2007).   

    DEFRA (Department for Environment, Food and Rural Affairs) published metrics for carbon 
dioxide emissions from vehicle fuel burning for UK (2007) as 2.63 kg CO2/liter and 2.315 kg 
CO2/liter for diesel and petrol respectively. One study in UK has presented the calculation of 
carbon dioxide emissions for individual household as shown in Table 4 , using DEFRA values 
and volume of fuel consumption from MPW (miles travelled per week) and MPG (miles per 
gallon) (Barthelmie et al, 2008). 
 
    DEFRA 2007 gives CO2 emission factors (kg of CO2/ km) for taxis as 0.424 and for public 
transportation vehicles as 0.0891 for bus and 0.062 for train (load factor has been considered in 
reporting these values for bus and train as public transport vehicles are not running at full 
capacity in all journeys) (Barthelmie et al, 2008).     
   
Table 4: Average carbon dioxide emissions per mile based on car engine size and fuel type (Barthelmie et al, 2008) 
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Fuel type Car size  Engine size  kg CO2/mile kg CO2/km 
Petrol  
 
 
 
Diesel  
 
 

Small  
Medium  
Large  

 
Small 
Medium 
Large  

     < 14 
1.4 - 2.0 

     >2.0 
 

     < 1.7 
1.7 – 2.0 

      > 2.0 

0.2947 
0.3479 
0.4769 

 
0.2424 
0.3027 
0.4240 

0.1842 
0.2174 
0.2981 

 
0.1515 
0.1892 
0.2650 

 
 

    In a case study for Chicago the relation between the residential location and VMT and CO2 

emissions has been analyzed. In that study, by using the mpg value (average consumption of fuel 
in each trip by a vehicle), CO2 emissions and energy consumption associated with the 
commuting of household occupants were calculated. Data for MPG values of vehicles were 
extracted from website of US Department of Energy and Environmental Protection Agency, 
2009. Also websites of manufacturers and Motor Trend Magazine were used for more complete 
MPG information, and if the data were unavailable for a specific model, data for the closest 
model year was considered. This method might seem a bit inaccurate and a source of error, but 
truth is, technological advancements lead to a small change in fuel economy of a vehicle (smaller 
than an average of 1 MPG over recent 8 years). Average of highway and city MPG has been 
used for calculating the overall MPG value. Where there was an unknown value for MPG such 
as for taxis, assumption of 23 was made for MPG value, which is the average value reported in 
the 2005 EPA, data on fuel efficiency of cars. For scooters and motorcycles, Yamaha Motor 
Corporation (USA for 2009) has reported the MPG value to be 45 (Lindsey et al, 2011).    

 
    As one gallon gasoline contains 0.124 MBTU of energy and each 1 MBTU of energy from 
gasoline is associated with 156.43 lbs of CO2, it can be calculated that every gallon of gasoline 
consumption is associated with emission of 19.39 lbs of CO2 (Lindsey et al, 2011). It can be 
estimated that 75% of the travels made by the citizens are by cars with MPG value of 23 and 
25% with motorcycles and scooters with MPG value of 45. Thus, for travelling thousand miles 
with a vehicle 32.61 gallons of gasoline (for 750 miles by car) and 5.56 gallons (for 250 miles by 
scooter) is required (totally 38.163 gallons), which means every 1000 VMT is associated with 
emission of 740.26 lbs of CO2 equivalent in average (0.335 kg CO2 Equivalent/ mile which is  
0.208 kg CO2-Equivalent/ km).  

    Increasing the average residential density is an effective way to reduce VMT and consequent 
carbon dioxide emissions. As shown in Figure 1, when the ratio of dwelling/acre goes from 40 to 
60, there is almost a 5% reduction in VMT. 
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Figure 1: VMT versus (left) average household distance from city center and (right) average residential density 
(Lindsey et al, 2011) 

 

    In some studies, it has been mentioned that two maximum limits should be noted while 
investigating relationship between VMT reduction and density increase. Fehr and peers (2010), 
suggest the correlation between dwelling density and VMT reduction as shown in Eq. (1).  

 

Eq. (1):             VMT reduction % = A*B [should not exceed 30%] 

   

- A is defined as percentage increase in jobs per job-acre or in housing units per acre  

    A=(number of jobs per job-acre or number of housing units per acre – number of jobs per job-                     
acre or housing units per acre for typical ITE development) / (number of jobs per job acre or 
housing units per acre  for typical ITE development)  

For housing:         A = !"#$%&'  !"#$%  !"#  !"#$  !!.!
!.!

  [not above 500% increase] 

For jobs:                A =  !"#$  !"#  !"#$  !!"
!"

   [not above 500% increase] 

- B is defined as elasticity of VMT in correlation with density (from literature)  

      B = 0.07  

    If the dwelling per acre ratio is increased from 8.5 to 60, VMT could have a reduction of 
almost 30%. But after a specific percentage of increase in dwelling/acre ratio (cap of 500% 
increase), notable reductions in VMT magnitude does not seem logic anymore (cap of 30%). So 
maximum limits suggested for VMT reduction and density increase are 30% and 500% 
respectively (Fehr and Peers, 2010).  
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 Results Summary 

     Estimating 75% of urban travels by car and 25% by other transportation modes, Chicago 
case study by Lindsey et al (2011) gives 0.335 kg CO2-Equivalent/ mile (0.208 kg CO2-
Equivalent/ km) emission rates for an average vehicle, which is close to results reported by 
Barthelmie et al (2008) shown in Table 4. Regarding load factors for taxis and public transport 
vehicles in UK, CO2 emission factor (kg CO2-Equivalent/ km) for taxis is 0.424 while 0.0891 for 
bus and 0.062 for train. By increasing the ratio of dwelling/acre from 40 to 60, a 5% reduction 
in VMT can be achieved. Maximum possible reduction in VMT by increasing dwelling/acre ratio 
is 30%, which is associated with 500% increase in dwelling density. 

 

3.1.3. SS Credit 7 (Heat Island Effect) 

 

 Credit explanation: This credit is to reduce the heat island effect from hardscapes by 
implementing more green landscaping and using light colored surfaces (USGBC, 2009). 

Discussion  

    Temperature of suburban and urban areas is substantially higher than the areas in the 
surroundings. This phenomenon is because of the slowing that occurs in the cooling process 
during the nights, as the incoming solar radiation which is trapped by the built surface, will be 
radiated during the night (Andrews, 2008). Usually, emissivity in urban areas is less than the 
rural areas (Hu et al, 2009).  

    Urban heat island problem happens when large areas of naturally covered land are replaced by 
built surfaces. UHI can be defined as temperature difference between built and naturally covered 
areas caused by heat accumulation which can affect latent and sensible heat transport processes 
and also humidity distribution. Categories that contribute to UHI are in intense order as; built 
areas, unused land, prairies, grasslands, forests, and water bodies (Hu et al, 2009).  
    Several measures can be taken in order to minimize urban heat island intensity, carbon dioxide 
emissions and impacts of urban warming caused by future changes in climate; 
 

- Increased vegetation and outdoor landscaping; vegetation is a sink for carbon dioxide 
and a natural cooling mechanism that leads to dissipation of energy more by latent 
heating rather than sensible heating as it encourages evapotranspiration. Trees can 
also block solar radiation on the buildings. 
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- Water sensitive urban design; buffer strips, rain gardens and porous pavements can 
increase evapotranspiration. Capturing and reusing of storm-water, installing 
rainwater tanks and water retaining in urban landscape will encourage evaporation. 

 
- Increased albedo; Introducing light colored surfaces with high reflection coefficient 

and reflective materials and reducing impervious surfaces will reduce heat storage by 
and release from the surface, reducing the total energy input. 

 
- Green roofs; green roofs and climbing plants on walls increase evapotranspiration and 

reduce heat transfer into the buildings (Coutts et al, 2010).	  
 
    Urban heat island effect increases the air pollution and consequently diseases and mortality. It 
results in higher air conditioning loads and therefore higher energy consumption and higher 
energy costs. However, UHI effects on the energy consumption factor rather depend on 
geographic conditions, as it increases cooling demand in summers as well as decreasing winter 
heating burdens. For example, in New Jersey changes in energy consumption due to UHI is 
almost zero, but of course this is not the case everywhere (Andrews, 2008).  

    5 to 10% of United State’s peak electrical demand in cities is resulted from urban heat island 
effect. On a typical summer afternoon with a clear sky, air temperature of urban areas is almost 
2.5 °C higher than the rural surroundings.  Studies show that above 15 to 20 °C threshold, every 
1 Celsius degree increase in maximum daily air temperature corresponds to 2-4% rise in peak 
urban electric demand (Akbari, 2005). 
 
    By extrapolating from facts for eleven Metropolitan Statistical Areas, estimations could be 
made about the saving potential in the entire United States of America. Installation of light-
colored roofs nationwide, can lead to 10TWh/year energy saving, which is almost 3% of the 
national electricity consumption for cooling (both commercial and residential buildings). This 
policy on the other hand could result in 1.6% increase (26 GBtu/year) in natural gas consumption 
and 2.5% reduction (7 GW) in peak electricity demand (Akbari, 2005).    
 
    The way that urban heat island phenomena affects the energy consumption, highly depends on 
CDD (cooling-degree-days) and HDD (heating-degree-days) values (Akbari et al, 2005).  
Estimated peak demand and annual base-case energy use and savings caused by measures for 
UHI reduction (the effect of roof reflectivity and shading by trees as direct savings and the 
effects of increasing urban vegetation and the albedo of urban surfaces like roofs and pavements 
as indirect saving) in order of ranges of HDD as an example is shown in Appendix A. 
 

 Results summary 
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     In the United States 5-10% of the peak electrical demand in cities is caused by UHI effect. 
Above 15-20 °C, every Celsius degree increase in the urban temperature leads to 2-4% rise in 
peak urban electric demand. Installing light colored roofs nationwide, has a potential of annual 
10TWh energy saving (2.5% reduction in peak electricity demand and 1.6% increase in natural 
gas consumption).  
	  

3.2. Water Efficiency (WE) 
 
    LEED 2009 credits and corresponding points for Water Efficiency (WE) are shown in Table 5.  

Table 5: Water Efficiency (WE) credits overview in LEED 2009 for New Construction (NC) (USGBC, 2009) 

Credit Title NC 

WE Prerequisite 1 Water Use Reduction Required 
WE Credit 1 Water Efficient Landscaping 2-4 points 
WE Credit 2 Innovative Wastewater Technologies 2 points 
WE Credit 3 Water Use Reduction 2-4 points 
WE Credit 4 Process Water Use Reduction NA  

 
	  

3.2.1. WE Credit 1 (Water Efficient Landscaping), WE Credit 3 (Water Use 
Reduction), WE Credit 4 (Process Water Use Reduction)  

 
 Credits explanation: These credits are aimed to reduce potable water and natural water 

resources use for irrigation. The aim for water reductions are also to reduce the burden 
on wastewater systems and municipal water supply, and to maximize water efficiency 
(USGBC, 2009). 

 
 
Discussion  
	  
     There are many un-sustainability factors found in urban water chain such as use of chemicals, 
emissions into surface water, solid waste production, water balance and so on. In addition, for 
urban water, hygiene aspects are of great importance as well-functioning water cycle is a basic 
requirement of the public health. Hence, carbon dioxide emissions are not so important when it 
comes to sustainability factors for urban water cycle (Van der Graaf et al, 1997). But considering 
the whole life-cycle, urban water use leads to carbon dioxide emissions indirectly due to energy 
consumption in different stages of urban water cycle from water provision to wastewater 
disposal. So in this work, emissions caused by water consumption are assessed from energy point 
of view, linked with Energy and Atmosphere (EA) section. Figure 2 shows the relationship 
between energy and a closed urban water chain by reduction in water demand.  
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Figure2.  Relation of water related energy use to water demand of the development (Novotny, 2011) 
 

     In the United States, 40% of the energy is consumed in the building section in which 18% is 
for commercial buildings and 22% for residential buildings. Transportation and industry sections 
are consumers of 28% and 32% respectively. 3% of the energy is consumed in wastewater 
disposal and provision of treated water. In the building section, processes that deal with water 
like water heating and cooking consume about 8% of the energy, and about one percent or two is 
required for transporting and pumping wastewater and water (Novotny, 2011). 
 
    U.S. department of energy has published carbon equivalent estimations in 2000 for different 
power plants that are based on fossil fuels as; 
 

- For power plants based on coal:  0.96 kg of CO2/kWh 
- For power plants based on oil: 0.89 kg of CO2/kWh  
- For power plants based on natural gas:  0.60 kg of CO2/kWh 

 
    Renewable resources, hydropower and nuclear technologies are being used to produce about 
30% of the energy and they do not emit significant amounts of green house gases. Hence, 0.61kg 
CO2/kWh of produced energy has been considered in some studies as an average for the U.S. 
(Novotny, 2011). Table 6 shows a perspective of energy production from different resources in 
the U.S. from the past to future that might give a perspective from levels of carbon dioxide 
emissions.  



	   16	   	  
	  

 
 
    Documents of Energy Information Administration (2009) indicate that in 2007, U.S. has had 
2.516 billion tons of CO2 emission associated with 4157 TWh of energy production. As 
mentioned before, almost 3% of energy in consumed for water treatment and disposing 
wastewater, hence 124.7 TWh is the water share (disposing waste water and clean water 
provision) which leads to emission of 75.5 million tons of CO2. Furthermore, 200 million tons of 
CO2 is emitted due to other water linked processes such as hot water provision, cleaning and 
cooking (Novotny, 2011). 
 
    In Table 7, daily use of water for a typical American family is shown. Right side of the table 
points water saving estimations studied by AWWA RF (1999) and Pacific Institute (2003). 
Almost 550 Liters is the consumption per capita-day which is really high in comparison to other 
developed countries (Novotny, 2011).  
 
 
    By executing conservation strategies, water use in America could be lessened to 200 liters per 
capita-day, which is more comparable to values in Europe. Lawn irrigation is the major source of 
water use in the US, which can be lowered or rooted out with a synthetic turf (e.g. Xeriscape)and 
planting native plants that do not need additional irrigation (Novotny, 2011). Conservation 
strategies generally do not need extra energy use.  Managing the system will be more successful 
when urban flows are linked to natural streams as water and energy can be reclaimed from waste 
water. 
 
     In United States of America, 301.3 million people have consumed 55 billion cubic meters of 
water in 2007. As discussed before, 124.7 TWh out of the total energy is used for providing 
water, corresponding to 2.26 KWh per cubic meter of water and consequently, emission of 1.37 
kg CO2/m3 of water.  By implementing xeriscape and more efficient mechanisms (such as for 
toilets, laundry machines, shower equipments and etc.) a considerable reduction in water use can 
be achieved. As Table 7 indicates, water efficiency has a mean reduction potential of 65% 
reduction in water use. Additionally, CO2 emissions from the process of biological treatment due 
to organic matter oxidization can be reduced by implementing anaerobic treatments that leads to 
higher energy savings and provides a better ground for recovery of nutrients and biogas 
(Novotny, 2011).   
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Table 7: Outdoor and indoor water use in a single family home in 12 monitored 
 cities in North America (Novotny, 2011)  

 
Water use 

        Without water conservation 
       L/cap-day                      percent 

            With water conservation 
       L/cap-day                      percent 

Faucets             35            14.7             35           25.8 
drinking water 
and cooling 

           3.6            1.2             2.0            1.5 

Showers            42            17.8             21           15.4 
Bath and hot tubes            6.8            2.0             6.0            4.4 
Laundry            54            22.6              40           29.4 
Dish washer            3.0            1.4             3.0            2.2 
Toilets            63            26.4              14           10.3 
Leaks             30            12.6              15           11.0 
Total Indoor           238            100            136           100 
Outdoor            313            132             60*             44 
Total            551            232            196            144 
*reflects converting from lawn to xeriscape using native plants and ground covers with no irrigation. Water is for 

swimming pools, watering flowers and vegetable gardens. 
	  
	  
	  
    Also by implementing gadgets for conservation of hot water, energy required for providing 
residential hot water can be reduced by 46 - 62% in the United States (Venkatesh et al, 2011). 
 
    A study in California shows that 5.4 GJ of energy is used to produce one million liters of 
water, associated with 390 Kg of carbon dioxide-equivalent GHGs. Main step is the energy 
production (50%), however material production particularly for chemicals used in treatments, is 
also significant (37%) (Stokes et al, 2010). 	  
 

 Results summary 
 

    Average emission rate for clean water provision and disposing polluted water in the U.S. is 
1.37 kg CO2/ m3 of water (75.5 million tons of carbon dioxide resulted from 55 billion cubic 
meters water consumption). Considering additional 200 million tons of CO2 from hot water 
heating, wet cleaning, boiling and cooking, average emission rate in United States for water 
consumption is totally 5 kg CO2/ m3. As shown in Table 8, water saving strategies can potentially 
lead to 65% reduction in water consumption. 
 
 

3.2.2. WE Credit 2 (Innovative Wastewater Technology)  
 

 Credit explanation: This credit is to reduce potable water demand and wastewater 
generation by using water conserving fixtures, and higher use of non-potable water such 
as captured rainwater, onsite or municipally treated waste water (USGBC, 2009). 
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Discussion 
 
    Going through life cycle, energy required for recycling one cubic meter of water is 17 MJ, 
much less than is needed for desalination of ocean water which is 42 MJ for one cubic meter. 
Soot and greenhouse gas emissions are quite high for ocean water desalination, while large 
amounts of SO2 emission are resulted from membrane pretreatment of wastewater. Water that 
leaves wastewater treatment plants can be a source of heat energy as it is normally warm.  One 
report says that if 544 wastewater treatment plants in the U.S. which use anaerobic digestion and 
have the daily inflow of more than 18500 cubic meters put in combined heat and power unit, 340 
MW of energy (electrical-clean) can be produced, also preventing 2 million tons of CO2 
emissions in a year (Venkatesh et al, 2011).   
 
    Table 8 provides a list of different subsystems of urban water treatment that require energy for 
operation and maintenance processes. Wastewater treatment plants consume energy in anaerobic 
digestion, in-plant pumping, sludge handling, sewage pumping etc. By using innovative 
technologies and by installing on-site wastewater treatment plants that reduce piping and 
pumping energy demand, energy consumption and consequent CO2 emissions can be reduced.    
	  
	  

Table 8: Processes consuming energy in the O & M phase (Novotny, 2011) 
	  

              Sub System 
 

          O & M Processes                Energy Sources 

Water treatment plant In-plant pumping 
General maintenance 
Mixing 
Disinfection 
Filter backwashing 
Space heating 
Lighting 
 

Electricity, 
Diesel fuel as standby for in-plant 
generators 

Water pipelines Rehabilitation & maintenance Diesel for mechanical energy 
Water pumping  Pumping energy & maintenance Electricity/Diesel as standby 
Sewage pumping Pumping energy & maintenance Electricity/Diesel as standby 
Wastewater pipelines Rehabilitation 

General maintenance 
 

Electricity/Diesel for mechanical 
energy 

Wastewater treatment plants In-plant pumping 
Lighting 
Aeration 
Anaerobic digestion 
Sludge handling 

Electricity/In-plant biogas from 
anaerobic digestion/Heating oil 
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 Results summary  
 

    Going through life cycle every cubic meter of water requires 17 MJ of energy to be recycled, 
much less than energy required for desalination of ocean water which is 42 MJ for a cubic 
meter. So recycling used water instead of ocean water treatment can lead to 0.405 (17/42) times 
less energy consumption. Regarding emission factor of 5 kg CO2/m3-water as calculated before, 
every cubic meter of water if recycled, can offset emission of 2.97 kilograms of carbon dioxide. If 
wastewater treatment in taken on-site, more emissions reduction will be achieved due to 
reduction in pipelines and pumping requirements.  
 
 
 

3.3. Energy and Atmosphere (EA) 
 
    LEED 2009 credits and corresponding points for Energy and Atmosphere (EA) are shown in 
Table 9.  

 

Table9: Energy and Atmosphere (EA) credits overview in LEED 2009 for New Construction (NC) (USGBC, 2009) 

Credit Title NC 
EA Prerequisite 1 Fundamental Commissioning of Building energy Systems Required 
EA Prerequisite 2 Minimum Energy Performance Required 
EA Prerequisite 3 Fundamental Refrigerant Management Required 
EA credit 1 Optimize Energy Performance 1-19 point 
EA credit 2 On-site Renewable Energy 1-7 points 
EA credit 3 Enhanced Commissioning 2 points 
EA credit 4 Enhanced Refrigerant Management 2 points 
EA credit 5 Measurement and Verification 3 points 
EA credit 5.1 Measurement and Verification-Base Building NA 
EA credit 5.2 Measurement and Verification-Tenant Sub metering NA 
EA credit 6 Green Power 2 points 
 
 
 
    Construction industry is rapidly growing in energy consumption terms. In developed 
countries, 36% of energy related carbon dioxide emissions and 40% of primary energy use is 
associated with construction industry (Tsai et al, 2011).  



	   20	   	  
	  

 
 
     Figure 3 shows possible ways toward the net zero greenhouse gas emissions goal. Some 
scientific reports indicate that with more efficient appliances for instance better space and water 
heaters, water demand reduction and other improvements 60-70% reduction in energy 
consumption of city buildings is achievable. Renewable sources have the potential to produce 
other 30-40%.  
 
 
     In the previous section (WE), many consequences of energy consumption from different 
resources and resulted emission rates were explained. In this part energy consumption within the 
building and potentials to reduce CO2 emissions from energy use will be discussed.   
 
 
 

3.3.1. EA Credit1 (Optimized Energy Performance) 
  
 
 Credit explanation: This credit is to achieve higher levels of energy performance and 

reducing economic and environmental impacts of excessive energy use by improvement 
in the proposed performance of the building in comparison to baseline performance 
rating of the building (USGBC, 2009).  

 
 
Discussion  
	  
    It is difficult to define precisely what parameters constitute a green building and there is still 
no acceptable worldwide definition for the term “sustainable building”, nevertheless the focus 
has been on green design promotion and energy efficiency (Wong et al, 2011).  
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 Figure 3: A way to achieve the net zero energy goals (Novotny, 2011) 

 
 
 
    Carbon dioxide emissions formation (E) from combustion of fuels in a country follows as 
shown in Eq. (2).  
 
 Eq. (2):                                    E = !

!
× !
!"#

×GDP = C  ×I!×GDP  
 
 
Where; W stands for energy consumption, I! for energy intensity, and C is defined as 
carbonization index. Formation of carbon dioxide emissions term is an interesting disputed 
research topic that has aroused controversial debates over which factor is most dominant in CO2 

emissions formation, energy intensity or the carbonization index (Sun, 2006).     
 

 
	  	  	  	  	  As shown in Table 10, total operational energy of a typical residential house in Australia (two 
storey two bedroom unit, with 123 m2 of floor area) in terms of primary energy over 30 years is 
calculated to be 3099 GJ.  
	  

 
 
 

Table 10: Operational energy by activity and fuel type (Treloar et al, 2000) 
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Fuel/activity 
 

       Annual   
       delivered 
       Energy 
        (GJ) 

        Primary   
        energy 
        factor 

      Annual 
      Primary 
      Energy   
       (GJ) 

    30 year life 
     cycle 
     Energy  
      (GJ) 

	   	   	   	   	  
Gas/heating (23 GJ/year, 70% efficiency, 
heating system load) 
 

32.9 1.4 48.0 1440 

Electricity/appliances (4.8 kWhs/day) 6.3 3.4 21.4 643 
Gas/hot water and cooking (0.4 GJ/day) 14.3 1.4 20.4 613 
Electricity/lighting (3 kWhs/day) 3.9 3.4 13.4 402 
   Total  103.2 3099 
	  
 
 
    However, emissions from energy consumption within a building highly depend on specific 
energy mix in different countries and areas. In the special case of United States, electricity mix 
of the country has been modeled for its particular conditions; 50% of the total generation comes 
from hard coal, 20% from nuclear energy and 16% from natural gas. Table 11 shows key data for 
power plant operation for different electricity mixes (Dones et al, 2007).  
  
 
    Among renewable sources, electricity production by photovoltaic technology is only 0.01% in 
the United States. For other energy resources such as biomass, hydropower, oil, geothermal and 
wind power, ecoinvent data for Europe can be used, as they do not have a big share in the total 
energy generation and also does not differ much between Europe and USA and thus the available 
data for Europe can also be used for the United States (Dones et al, 2007). 
	  
	  
	  
	  

Table 11: Air emission factors and other characteristics per kWh electricity at busbar for key pollutants per NERC 
region in year 2004 (Dones et al, 2007) 

 
	           US        ERCOT        FRCC          MRO         NPCC        RFC      SERC     SPP   WECC 

Installed 
net 
capacity 

 
  GWel 

 
346.5 

 
8.9 

 
10.5 

 
22.6 

 
8.1 

 
130.9 

 
112.5 

 
  22.1   

 
31.4 

Fuel input    MJ 2.04E+13 6.06E+11 5.81E+11 1.63E+12 4.49E+11 6.90E+12 6.46E+12 1.49E+12 2.37E+12 

Total net 
generation 

   kWh 1.81E+12 5.19E+10 6.06E+10 1.18E+11 4.03E+10 6.38E+11 5.86E+11 1.10E+11 2.05E+11 

Average 
net 
efficiency 

 
    % 

 
31.8% 

 
30.8% 

 
37.5% 

 
26.0% 

 
32.3% 

 
33.2% 

 
32.7% 

 
26.6% 

 
31.1% 
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NOx Kg/kWh 1.85E-03 7.44E-04 2.03E-03 2.71E-03 1.33E-03 1.84E-03 1.64E-03 2.30E-03 2.10E-03 

SO2 Kg/kWh 5.17E-03 2.73E-03 2.90E-03 3.99E-03 5.71E-03 6.81E-03 5.48E-03 3.78E-03 1.70E-03 

CO2 Kg/kWh 1.09E+00 1.13E+00 9.24E-01 1.34E+00 1.06E+00 1.05E+00 1.07E+00 1.31E+00 1.12E+00 

Hg Kg/kWh 2.49E-08 2.86E-08 9.55E-09 2.49E-08 1.74E-08 3.16E-08 2.28E-08 2.06E-08 1.70E-08 

	  

	  
 
    As Figure 4 shows, GHGs are not only emitted directly from the power plant, but also within 
indirect contributions along the energy cycle. Nuclear greenhouse gas emissions in the U.S. has 
been calculated as 13 g CO2-Equivalent/ kWh and for PV as 51 g CO2-Equivalent/ kWh. 
Greenhouse gas emissions of European and US mix are 515 and 755 g CO2-Equivalent/ kWh 
respectively (Dones et al, 2007).  
	  
	  

	  

Figure 4: GHG cumulative emission from mixes and electricity systems in the U.S. (Dones et al, 2007) 

 
    All forms of electricity production generate GHG emissions in different stages from fuel 
mining, building the plant, transportation, gas or pollutants release due to fuel burning and waste 
disposal. Table 12 shows construction emissions for some technologies for electricity production 
and compares operation phase emissions with the construction phase (CNA, 2008).  
 
 
	  

Table 12: Construction emissions of various electricity generation technologies*(CNA, 2008) 

Power generation technology          Kilo tones of 
        CO2 per TWh 

          Ratio of construction   
    CO2 to operation CO2 (%)          
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IGCC  (coal)                 1.10                        0.14 
SUPC (coal)                 1.49                        0.18 
CCGT (gas)                 0.95                        0.22 
SXC (nuclear)                 2.22                        6.89 
*Note: CCGT: Combined Cycle Gas Turbine, IGCC: Integrated Gasification Combined Cycle, SUPC: 
                                                 Supercritical Coal, SXC: Sizewell C (PWR)  

	  
	  
	  
    As discussed before, the rate of carbon dioxide emissions from different technologies highly 
depend on climate condition and geographic location. For example for Ontario; 
 

- Studying the whole life cycle, nuclear electricity generation leads to 1.8 grams of CO2 
emitted per kWh, which is most of all resulted from uranium mining and fuel 
refinery, rather than rector’s operation.  
 

- Using coal for energy generation leads to 1050 grams of CO2 emitted per kWh in the 
whole life cycle, mainly resulted from coal burning in power plants. 

 
- Using natural gas for electricity generation leads to 540 grams of CO2 emitted per 

kWh in the whole life cycle, mainly resulted from natural gas burning in power plants 
(CNA, 2008). 

 
 
    For environmental improvement in operational conditions of a building, changes do not 
happen on their own in the system. In different stages, there are actors who can choose among 
different options. Brunklaus et al, 2010 have divided the entire life time of a building in Sweden 
into five main sections of material production, transportation, building construction and 
maintenance, space heating and hot water, and household electricity. Different choices that can 
be made by actors in each section are shown in Table 13.  

Table 13: Processes, actors and their actions/choices (Brunklaus et al, 2010)  

Process  Actors with direct influence 
(actors can set demands)                    

Choices    

Material production 
 
 
 
 
Transportation from production factory to  
construction site 
 
 
Construction & maintenance of building 

Producer of materials such as  
cement, timber, gypsum, concrete 
and others (constructor of the 
building can make demand)  

 
Transportation company 
(constructor of the building can 
make demand) 

 
Designer, constructor and architect 

Electricity supply from 
different sources, Heat 
sources from renewable 
fuel or fossil fuel  

 
Different transportation 
methods (Lorry, railway 
and etc.) 

 
Different technical 
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Hot water and space heating 
 
 
 
Household electricity 
 
 
 
Hot water and space heating 
 
 

(owner of the building can make 
demand) 

 
Residents can make demand 
considering suggestions made by 
constructor or owner 

 
Residents can make demand 
considering suggestions made by 
constructor or owner 

 
Heating company (owner and 
constructor can collaborate 

systems such as electricity 
and district heating system 

 
 Different electricity 
supplies 

 
 

Different electricity 
supplies 

 
 

No choices included here 
 

 
 
 

 Results summary 
 

    As discussed in WE section, Energy Information Administration (2009) reports that in 2007, 
United States has had 4157 TWh of energy production associated with 2.516 billion tons of 
carbon dioxide emissions (0.605 kg CO2-Equivalent/ kWh). Novotny (2011) by assessing data 
provided by U.S. Department of Energy in 2000 gives the factor of 0.61 kg CO2-Euivalent/ kWh. 
Dones et al (2007) report this factor as 0.755 kg CO2-Euivalent/ kWh.  
 
 

3.3.2. EA Credit 2 (On-site Renewable Energy), EA Credit 6 (Green Power) 
 
 
 Credits explanation: These credits are to encourage higher levels of renewable energy 

use to reduce the impacts of fossil fuel energy use by installing onsite renewable energy 
systems and engagement in renewable energy contracts (USGBC, 2009).  

Discussion  
 
    Assessing environmental impacts of energy use, different possible behaviors of inhabitants 
and characteristics of building, will lead to different scenarios for electricity and gas 
consumption. Reduction in the dwelling’s heat demand can effectively prevent consequent 
environmental impacts of gas consumption. A 23% drop in gas use can result in 13% reduction 
in total environmental impacts. Especially when heat demand of a building is not high, it is the 
electricity use which is the real cause of environmental impacts. A 47% reduction in electricity 
use can result in 9 to 45% less overall environmental effects. But as electricity consumption 
keeps growing, it would be more useful to focus on the environmental effects associated with the 
electricity supply. If wind power is used for generating the whole electricity required, 
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environmental effects can be reduced to 10% for the same amount of electricity consumed (Blom 
et al 2011).  
 
 
    For an 8kW photovoltaic system (life cycle assessment of a building-integrated plant), the 
efficiency of converting sunlight to DC electricity is around 5.7%, which becomes 4.3% for AC 
conversion. Considering the entire life-cycle, emissions from a natural gas combined-cycled 
plant is 23% more than emissions caused by operation of the plant alone (respectively 469 and 
382 Tonnes of CO2 per GWeh). Methane also has a powerful greenhouse gas effect. During the 
natural gas production, 1 to 4% of the produced gas is usually released from the fuel-cycle and 
leads to potentially higher emission rates from 457 to 534 Tonnes of carbon dioxide equivalent 
per GWeh. GHGs emission for a photovoltaic system is 39 Tonnes of carbon dioxide-equivalent 
per GWeh and is more than other renewable sources and also nuclear electricity generation. 
Nuclear fission, wind, natural gas and coal plants emit respectively 15, 14, 469 and 974 Tonnes 
of carbon dioxide equivalent per GWeh. As shown in Table 14 by considering the mix of 
renewable electricity in United States 1998, nuclear-renewable sources have the weighted 
average of 18.4 Tonnes CO2-Equiv./GWeh  (Meier, 2002).  
 
 

Table 14: Nuclear/ renewable emission rate (Tonnes CO2-Equiv./GWeh) (Meier, 2002) 
 
 
 
Technology  

 
             Electricity Generation 
            (% of 1998 U.S. Total) 

       
   
  Emission rates         

Nuclear                            18.6% 
                  

             17 

Hydro                             8.8%              18 
Biomass                             1.4%              46 
Wind                             0.08%              14 
Solar PV                             0.02%              39 
Geothermal                             0.41%              15 
Total                              29.33%              --- 
Nuclear/Renewable Weighted Average (Tonnes CO2-Equiv./GWeh)                                    18.4                                                   
    Coal based technologies for energy generation, emit about twice the rate of green house gases 
emitted by natural gas based technologies (see table 15). Nuclear and renewable technologies do 
not have direct emissions, but lead to some small amounts of indirect life-cycle GHG emissions. 
Less than 4% of U.S. electricity is produced using oil products.  Tables 16-19 show average life-
cycle emission factors for different technologies considering construction, operation and 
decomposition emissions in terms of carbon dioxide equivalent per GWeh) (Meier, 2002). 
 
 

Table 15: U.S Average emission rates based on fuel type (Meier, 2002) 

 
Electricity Source  

    Average U.S. Life-Cycle Emission rates 
         (Tonnes CO2-Equivalent/GWeh) 
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Natural Gas 

 
                                  622 

 
Coal/Oil 

 
                                 1030 

 
Nuclear/Renewable 

 
                                   18 

 
 

Table 16: U.S. coal generation electricity- average life-cycle emission rate (Tonnes CO2-eq./GWeh) (Meier, 2002) 

 

 
Process  

1998 Average U.S. 
   Plant Emission  
          Rate                  

 
      Life-Cycle  
          Study 

   Average U.S  
     Life-Cycle      
   Emission rates         

Fuel Combustion           1.021          956.0          1021 
Fuel-Cycle            17.4          18.6* 
Materials & Construction             1.1           1.1 
Decommissioning            0.10           0.10 
Total (Tonnes CO2-equiv./GWeh)                                                                                     1041 
*Average Fuel Cycle Emission = (17.4*1021/956.0) = 18.6 Tonnes/GWeh) 
 
 
 

Table 17: Coal/oil emission rate (Tonnes CO2-Equiv./GWeh) (Meier, 2002) 

 
 
Technology  

 
        Electricity Generation    
         (% of 1998 U.S total) 

      Average U.S  
         Life-Cycle      
     Emission rates               

 
 
Coal 

           
        
                      51.9% 

          
 

             1041 
 
Oil  

            
                      3.5% 

           
              875 

 
Total  

           
                      55.4% 

           
               --- 

Coal/Oil Weighted Average (Tonnes CO2-Equiv./GWeh)                                  1030                                    
Table 18: U.S natural gas generated electricity- average life-cycle 

emission rate (tones CO2-Equiv./GWeh) (Meier, 2002) 
 

 
 
Process  

1998 Average U.S. 
   Plant Emission  
          Rate                  

 
      Life-Cycle  
          Study 

   Average U.S  
     Life-Cycle      
   Emission rates         

Fuel Combustion           509          383.1          509 
Fuel-Cycle            83.7          111* 
Materials & Construction             1.9           1.9 
Decommissioning            0.02          0.02 
Total (Tonnes CO2-equiv./GWeh)                                                                                            622 
*Average Fuel Cycle Emission = (83.7 * 509/383.1) = 111 Tonne/GWeh 
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Table 19:  U.S oil generated electricity- average life-cycle emission rate (tones CO2-equiv./GWeh) (Meier, 2002) 

 
 
 
Process  

1998 Average U.S. 
   Plant Emission  
          Rate                  

 
      Life-Cycle  
          Study 

   Average U.S  
     Life-Cycle      
   Emission rates         

Fuel Combustion           831          704          831 
Fuel-Cycle            36          42.5* 
Materials & Construction            1.5           1.5 
Decommissioning            0.5           0.50 
Total (Tonnes CO2-equiv./GWeh)                                                                                            875 
* Average Fuel Cycle Emission = (36 * 831/704) = 42.5 Tonne/GWeh) 
 
 
 
    Having emission factors for every source, depending on the electricity mix, cuts in GHG emissions 
by shifting to renewable sources can be calculated.  
 
 
    To reduce energy consumption emissions, a complete understanding from all phases of the life 
time of the building is required. As shown in Figure 5, life time of a typical building can be 
separated into three main phases each including several life cycle stages; assembly phase, 
operation phase and disassembly phase (Optis et al, 2010).  
 
 
    Shares of different parts of life cycle energy of a building, and their frequency of inclusion in 
LCA studies is shown in Table 20  Usually, operational energy is the leading component 
followed by embodied energy and disposal energy is responsible for 1-3%. However, higher 
energy efficiency level is the target for a sustainable future, and with a higher operational energy 
efficiency, the percentage of embodied and disposal energy will increase.   
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Figure 5. Life cycle of a building (Optis et al, 2010) 

	  
 
 
 

Table 20: Life cycle energy components of a building (Optis et al, 2010) 
	  
Component  Description  Percentage of life     

cycle energy 
Frequency of 
inclusion in LCA 

Embodied energy 
 
 
Operational energy 
 
 
 
Disposal energy 

Energy consumption in 
assembly phase  

 
Energy consumption in 
operation phase (such as 
heating and electricity loads) 

 
Energy consumption in 
disassembly phase 

 

     2-51% 
 

      
     46-97% 
      

 
       

1-3% 

Is always measured 
 
 

Is often measured 
 
 
 

Is seldom measured 

	  
	  

 Results summary 

    Dones et al (2007) report Nuclear and Photovoltaic electricity emission factors for the U.S. 
respectively as 13 and 51 g CO2-Equivalent/ kWh. Meier (2002) gives Nuclear-Renewable 
weighted average emission factor as 18.4 Tonnes CO2-equivalent/GWeh which is 20.28 g CO2-
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Equivalent/ kWh for the United States. Meier (2002) gives emission factors in g CO2-Equivalent/ 
kWh as 19.84 for hydro, 50.70 for biomass, 15.43 for wind, 42.99 for solar PV, 16.53 for 
geothermal, and 18.73 for Nuclear electricity. In case of fossil fuels, emission factors reported by 
Meier (2002) are as 1147 g CO2-Equivalent for coal, 964 g CO2-Equivalent for oil and 685 g 
CO2 for natural gas for every kWh of electricity production.    

 

3.3.3. Credit EA 3  (Enhanced Commissioning) 

 

 Credit explanation: This credit is to begin the process of commissioning early in the 
design process and implementing extra actions after completion of system performance 
verification (USGBC, 2009) 

	  	  

Discussion 

   As eco efficient buildings are still at developing stage and they are using novel technological 
systems, still there is not much experience to be relied on in their construction and operation 
phase, and therefore there are in higher need of supervision in comparison to conventional 
buildings. Technological systems and constructional design are quite bound up with each other 
and any defect in one part of the system can complicate the whole operation of the building. 
Especially for eco efficient buildings, economic performance highly depends on meeting low 
energy costs that are expected in planning and design stage. Also the actual consumption rates 
should be satisfactorily close to set energy benchmarks. Air tightness, thermal insulation, indoor 
comfort, indoor air quality, noise protection and daylight performance of a green building are of 
great significance and all need additional quality controls (Bauer et al, 2010). 

 

	  	    Some building constructors regard commissioning as an additional luxury cost. But fact is it 
can be a highly cost-effective measure to meet higher levels of energy efficiency. Researches in 
the US for 26 states, indicate that commissioning adds a cost of $0.3/ft2 and $1.16/ft2 for already 
existing buildings and new construction respectively (0.4% of total construction cost for new 
construction). As table 21 shows, in the studied cases, commissioning has led to total energy 
saving of 16% in existing buildings and 13% for new construction, and has had 1.1 years and 4.2 
years of cost payback time in order (Mills, 2009).  
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Table 21: Sample characteristics, investment and outcomes (Mills, 2009)	  

 Total  Existing  New 
Characteristics  
     Number of projects 
     Number of buildings 
     Number of states 
     Identified commissioning providers 
     Commissioned floor area    
            Total (square feet) 
            Per building (median ksf) 
     Ownership (by % of floor area)  
            Public  
            Private 
 
Investment  
      Commissioning investment (U.S.$2009) 
           Total project cost (U.S.$2009) 
           (U.S.$2009/project) 
           (U.S.$2009/ft2) 
           Cost as % of construction cost  
 
Outcomes   
       Number of deficiencies identified 
       Number of measures 
       Energy saving 
            Total primary energy 
            Electricity 
            Peak electrical demand 
            Fuel  
            Combined central thermal 
            Combined hot water  
            Central chilled water 
            Central steam 
       Payback time (year) 
       Cost-benefit ratio 
       Cash-on-cash return 
       Cost of conserved carbon (U.S.$/tonne) 
 

 
409 
643 

26 
37 

 
99,224,809 

 
 

71% 
29% 

 
 
 

43,484,002 
 
 
 
 
 

10,180 
5,795 

     
332 
561 

21 
28 

 
90,410,884 

190,907 
 

69% 
31% 

 
 
 

28,562,970 
49,075 

0.30 
 
 
 

6,652 
4,104 

 
16% 

9% 
5% 

16% 
31% 
12% 
16% 
19% 

1.1 
4.5 

91% 
-110 

 
77 
82 
15 
15 

 
8,813,925 

67,987 
 

85% 
15% 

 
 
 

14,921,031 
86,546 

1.16 
0.4% 

 
 

3,528 
1,691 

 
13% 

- 
- 
- 
- 
- 
- 
- 
4.2 
1.1 

     23% 
    -25 

	  

	  

 Results summary 

    Mills (2009), reports that commissioning in 643 studied buildings has led to total energy 
saving of 13% for new construction and 16% for existing buildings.  
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3.3.4. EA Credit 4 (Enhanced Refrigerant Management) 

 

 Credit explanation: This credit is to reduce depletion of ozone layer and minimizing 
emissions of direct contributors to climate change by not using refrigerants or selecting 
less harmful refrigerants (USGBC, 2009).  

 

Discussion 

    The refrigeration process is explained briefly here, to give a perspective about possibilities of 
direct and indirect emission of GHGs in the system. In a typical refrigeration system a circulating 
operating fluid is involved called the coolant in order to remove heat from the system in low 
temperatures (the fluid is vaporized absorbing energy). Vapor is entered to the compressor where 
gas is compressed under high pressure, increasing its temperature.  Air and water as secondary 
fluid is commonly used to form a saturated stream of liquid at high pressure by absorbing heat 
from the refrigerant. By lowering the pressure in order to utilize Joule-Thomson effect by partial 
vaporization, the temperature is dropped as to enable the fluid to pass through the refrigerator 
again.  Energy consumption by the compressor is a cause for off-site CO2 emissions. Also energy 
that is required for pumping cooling water or circulating air through the system is an additional 
cause of indirect carbon dioxide emissions. Additionally, leakage of the refrigerant material leads 
to direct carbon dioxide-equivalent emissions (Blowers et al, 2010).  

 

    CFCs which were used as refrigerant chemicals, also HFCs and HCFCs that came to replace 
them, are all linked with chlorine chemistry that might have different impacts on stratospheric 
ozone and will potentially contribute to global warming.  Infrared radiation is absorbed by these 
compounds, and this can give rise to an added radiation force toward a warmer climate 
(Wuebbles, 1994).  Table 22 compares global warming potentials for some traditional and 
alternative refrigerant materials. 

	  

Table	  22: Characterization factor for global warming potential of refrigerants (GWP 100 years) (Bovea et al, 2007) 

Refrigerant R-22 R-134a R-404A R-407A R-407C R-410A R-507A R-717 R-744 

GPW factor 1700 1300 3260 1770 1530 1730 3300 0 1 
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    One third of overall HFC emissions are associated with MAC which stands for mobile air 
conditioning (in vehicles). The most dominant refrigerant used today for MAC is HFC-134a and 
GWP (global warming potential) for this compound is 1430 (1430 times greater than carbon 
dioxide). It can be replaced by HFC-152a with a much lower global warming potential of 124, 
CO2 with GPW of 1, and HFO-1234yf with a global warming potential of 4 (Taddonio, 2010).  

 

    HFCs and natural refrigerants are better long term alternatives to replace HCFCs and CFCs. 
Air conditioning and refrigeration systems can affect the environment in two main ways; by 
consequences of direct emissions of the refrigerant to the environment and by the amount of 
energy which is consumed by cooling cycles. So, progress is to be made in finding alternative 
refrigerants and also modification of cooling facilities to reach higher levels of energy efficiency. 
Different stages of life cycle of refrigerants can be raw materials extraction, refrigerants 
production, maintenance and operation and recovery of the waste (Bovea et al, 2007).  

 

    There are three widely applicable alternative technologies for commercial refrigeration; DX, 
DIST and SEC which respectively stand for direct expansion, distributed, and secondary loop 
systems. Most common refrigerants that can be used commercially are HFC compounds (R-
410A, R- 407C, R-507A, R-134a, R-404A), HCFCs (R-22), and natural refrigerants such as 
Carbon dioxide (R-744) and ammonia (R-717). Bovea et al, 2007 have considered some different 
scenarios as shown in Table 23 to assess the environmental impacts of refrigerant emissions. 
They defined LT (low temperature) as -32 to -18 Celsius degrees, and MT (medium temperature) 
from -7 to -2 Celsius degrees (Bovea et al, 2007).  

 
 

 
Table 23: Description of scenarios (Bovea et al, 2007) 

    
Refrigerant 

        HCFCs     HFCs       Natural  
System  R-22 R-134a R-401A R-407A R-407C R-410A R-507A R-717 R-744 
Direct expansion (DX) MT MT MT, LT LT LT MT MT, LT      

MT,LT 

Secondary loop (SEC) MT MT MT, LT LT      LT MT MT, LT MT, LT   

Distributed (DIST) MT MT MT, LT LT      LT MT MT, LT    

MT: medium temperature                    

LT: low temperature          
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    For each scenario, inventory data for the life cycle is shown in Table 24, considering the life 
time of the refrigeration system as 15 years.  

	  

Table 24: Life cycle inventory data for each scenario (Bovea et al, 2007) 

	  

	  

	  

	  	  	  	  Life cycle impact assessment from global warming potential aspect for medium and low 
temperature in the different scenarios is shown in Figure 6. As the picture shows contribution of 
DX system to global warming is greater that SEC and DIST system due to larger charges of 
refrigerants that this system uses.   
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Figure 6: Global warming potential of refrigerants in different scenarios (Bovea et al, 2007) 

 

 Results summary 

    Direct expansion system (DX) is greater contributor to global warming in comparison to 
secondary loop (SEC) and distributed system (DIST). Using R-717 and R-744 (ammonia and 
carbon dioxide) as natural refrigerants substantially decreases the global warming potential of a 
refrigeration system. Global warming potentials for different refrigerants and CO2 equivalent 
emissions they lead to in different refrigeration systems are shown in Tables 23 and 25.  
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3.4. Materials and Resources (MR) 

    LEED 2009 credits and corresponding points for Materials and Resources (MR) are shown in 
Table 25.  

 

Table 25: Materials and Resources (MR) credits overview in LEED 2009 for New Construction (NC) (USGBC, 2009) 

Credit Title NC 
MR Prerequisite 1 Storage and Collection of Recyclables Required 
MR Credit 1.1 Building Reuse-Maintain Existing Walls, Floors, and Roof 1-3 points 
MR Credit 1 Building Reuse-Maintain Existing Walls, Floors, and Roof NA 
MR Credit 1.2 Building Reuse-Maintain interior Non-structural Elements 1 point 
MR Credit 2 Construction Waste Management 1-2 points 
MR Credit 3 Materials Reuse 1-2 points 
MR Credit 4 Recycled Content 1-2 points 
MR Credit 5 Regional Materials 1-2 points 
MR Credit 6 Rapidly Renewable Materials 1 point 
MR Credit 7 Certified Wood 1 point 
MR Credit 6 Certified wood NA 

	  

	  

3.4.1. MR Credit 1 (Building Reuse), MR Credit 2 (Construction Waste Management), 
MR Credit 3 (Materials Reuse), MR Credit 4 (Recycled Content), MR Credit 5 
(Regional Materials),  MR Credit 6 (Rapidly Renewable Materials) 

 

 Credits explanation: MR Credit 1 and MR Credit 3 are to conserve resources, extending 
life cycle of existing buildings, and waste reduction by increasing percentage building 
reuse to minimize environmental impacts of new construction. MR Credit 2 requires 
increasing percentage recycled or salvaged in order to divert demolition and 
construction waste from incineration facilities and disposal in landfills. MR Credit 4 
requires using materials with recycled content to reduce impacts resulting from 
processing and extraction of virgin materials. MR Credit 5 requires increasing 
percentage building materials that are extracted, harvested, recovered or manufactured 
regionally in order to support the use of native resources and reducing transportation 
impacts. MR Credit 6 requires increasing rapidly renewable building materials use in 
order to reduce depletion of finite raw materials (USGBC, 2009). In this work all these 
credits are assessed together as they are highly connected and difficult to be separated in 
some aspects.  
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Discussion 

    Some studies state that during the whole life time of a building, 88-97% of the overall 
environmental impacts of a residential building are resulted from the energy consumption during 
its operation phase, while percentage of materials role in negative environmental impacts is not 
significant. However, in low energy buildings, used materials can stand for up to 50% of primary 
energy usage of a building (Junnila, 2004).  It is generally believed that building sector consumes 
40% of material and energy in developed countries (Brunklaus et al, 2010) which results in 
significant negative impacts on the environment. Twenty dominant building materials and their 
negative share in polluting the environment is shown in Table 26.  
	  

 Table 26: Top twenty dominant building materials in respect of life cycle environmental impact (Leung et al, 2005)  
 

Building materials Life cycle impact 

Concrete  23.04% 
Reinforcing bar 17.56% 
Plaster, render and screed 10.38% 
Galvanized steel 8.97% 
Tiles  8.17% 
Stones  
Aluminum  
Structural steel 
Access floor panel 
Stainless steel 
Plasterboard 
Glass 
Bricks and blocks 
Plywood 
Formwork 
Structural pre-cast items 
Acoustic tiles 
Plastic, rubber, polymer 
Plastic laminate 
Thermal insulation 

5.05% 
4.90% 
4.52% 
4.36% 
3.52% 
2.74% 
1.63% 
1.22% 
1.06% 
1.02% 
0.67% 
0.22% 
0.19% 
0.17% 
0.15% 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

    Extraction of minerals is 4.8 tons for every person per year in Europe. Every square meter of 
an ordinary building to be constructed in Spain, needs 2.3 tons of almost hundred different kinds 
of materials. Besides, if intensity of materials per service unit is to be considered, this figure will 
reach 6 tons per square meter. Manufacturing process, transportation and installation of different 
parts of a building made of concrete, glass and steel need a significant amount of energy.  
Contrarily, they account for a little part of the total cost of a building, which is referred to as 
Rule of the Notary. Also minerals extraction substantially reduces exergy of natural stocks of the 
earth which is 63% existing in iron ore, 6% in copper and 24% in aluminum stocks, all wildly 
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used in construction industry. From design to refurbishment, the environmental impacts of 
construction should be minimized by choosing appropriate available technologies. Sometimes in 
medium term, products that are provided inexpensive might have significant waste management 
and maintenance costs. On the other hand, some technological materials might need a lot of 
money that never will be recovered. So, to identify the best eco efficient strategy, environmental 
and economic costs should both be taken into account. In low energy consuming buildings 
(having satisfactory insulation, appropriate orientation, etc.) the fraction of energy included in 
the used materials during the life time of the building can be from 9% to 46%, while 2% to 38% 
for conventional buildings. In central countries of Europe the included energy in materials in 
between 10% and 20%, however 80% to 90% is usually consumed in usage stage, and around 
1% for the waste treatment (Zabalza Bribián et al, 2010).  

 

    If energy consumption of a building is divided into three phases of pre-use, use and post-use 
of a building (as will be explained), environmental impacts of construction materials will depend 
on energy inputs and outputs needed in all phases.  Most of the attempts to reach higher levels of 
energy efficiency in buildings have been focused on energy consumption reduction during 
operation phase of the building, predominantly cooling and heating related processes. It can be 
due to the fact that energy required for the pre-use phase in commonly assumed to be small in 
comparison to energy needed for the use-phase. However research has shown that in a typical 
building, up to 50% of the overall energy flows may be represented by embodied energy 
(Pearlmutter et al, 2007).  

 
o Transportation-Regional materials use 

 
    For production of construction materials, extracted raw materials should be carried to 
manufacturing site, and from there to construction site. Table 27 shows key characteristics for 
different transportation options. Regional material use can substantially reduce emissions 
associated with material transportation.   

 

Table 27: Impact calculation coefficient for transport stage from production plant to building site of 1 tonne 
(Zabalza Bribián et al, 2010) 

Impact category Lorry, road Freight rail Transoceanic 
freight ship  

Primary energy demand (MJ-Eq/km) 
 
Global warming potential (kg CO2-Eq/km) 
 
Water demand (l/kg) 
 

3.266 
 

0.193 
 

1.466 

   0.751   
 

     0.039 
 

1.115 

0.170 
 

0.011 
 

0.097 
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o Materials for tiles and bricks 

    Among all groups of materials, floor tiles made from ceramics have got the highest 
manufacturing energy demand due to the great natural gas consumption in primary production 
stages. Incentives should be predicted for using local clay. In countries which have red pigment 
clay, white-pigment clay if is to be used to produce ceramic floor tiles, must be imported from 
outside which will increase emissions and processing energy demand. Ceramic tiles if replaced 
by quarry tiles for exterior paving, can save up to 13.45 MJ for each kilogram (86% reduction in 
processing energy demand), and 66% reduction in CO2 emissions (0.57 kilogram carbon dioxide 
per kilogram). Fiber cement is not a good choice to be used in roofs due to high environmental 
impact it has, while concrete tiles are generally a better choice than ceramic tiles. Using ceramic 
tiles in roofs leads to 60% (6.95 MJ per kg) energy saving in comparison to fiber cement, and 
concrete tiles usage reduces energy demand by 42% (1.93 MJ per kg) in comparison to ceramic 
tiles (see Table 28). Light clay bricks (containing 15% straw and 85% clay) and silico calcareous 
bricks (containing 10% sand and 90% lime) are the best kind of bricks that can be used to reduce 
the impacts. Processing energy demand is fairly high for light clay bricks, but it comes 45% from 
biomass resources due to straw they contain. Conventional bricks replacement by light clay 
bricks prevents the emission of 0.27 kg carbon dioxide per kg (Zabalza Bribián et al, 2010).  

 
Table 28: LCA results for several types of bricks and tiles (Zabalza Bribián et al, 2010) 

 
Building 
Product 

Density 
(kg/m3) 

Thermal                                                
conductivity  
(W/mK) 

Primary energy   
demand 
(MJ-Eq/kg) 

Global 
warming 
potential (kg 
CO2-Eq/kg) 

Water 
demand 
(l/kg) 

Ordinary brick 1800 0.95 3.562 0.271 1.890 
Light clay brick 1020 0.29 6.265 -0.004 1.415 

Sand-lime brick 1530 0.7 2.182 0.120 3.009 
Ceramic tile 2000 1 15.649 0.857 14.453 

Quarry tile 2100 1.5 2.200 0.290 3.009 

Ceramic roof tile 2000 1 4.590 0.406 2.456 

Concrete roof tile 2380 1.65 2.659 0.270 4.104 

Fiber cement roof slate 1800 0.5 11.543 1.392 20.368 

 

o Concrete and cement 

    In comparison to other materials, cement might be considered abundant and inexpensive. 
Besides, the chemistry of cement is not fully established and so familiar in some aspects. The 
process of cement production is not environmentally friendly. It involves consumption of large 
amounts of raw materials which are usually non renewable and needs a very high process 
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temperature usually above 1500 °C. Cement fabrication is estimated to be responsible for 5-6% 
of all CO2 emissions caused by human activities. In addition, cement production leads to 
emission of many other hazardous pollutants such as heavy metals and dioxins. As shown in 
Figure 7, fossil fuels burning, chemical reactions, electricity and transportation are four major 
sources of carbon dioxide generation during the process of cement production (Rodrigues et al, 
2010). 

 

 
Figure 7: Distribution of carbon dioxide release during cement preparation (Rodrigues et al, 2010) 

 
 

	  
    Cement and concrete should not be confused with each other. Cement is generally referred to 
the compounds used to bind different concrete materials. When cement is conditioned to produce 
clinker it contains limestone, gypsum and clinker and has a higher impact than cement mortar 
which contains sand and cement, and cement mortar has got greater impact than concrete that 
contains water, gravel and cement, as it is blended with materials that have lower impacts. The 
weight of an ordinary building is 40% to 60% from cement and concrete, so there impact can 
become quite notable.  As shown in Table 29, reinforced concrete has got greater impact in 
comparison to mass concrete due to the extra corrugated steel. Adding this additional corrugated 
metal, gives a 63% rise to production energy demand equivalent to 700MJ per Tonne, and a 31% 
rise to emissions equivalent to 42 kilograms per Tonne. Using lime mortars is preferable to 
cement mortars as they simplify building’s transpiration and in the process of setting can absorb 
a considerable amount of carbon dioxide, as much as 62% of emission from combustion during 
manufacture process and de-carbonation. Concrete and cement mortar can only absorb 2% 
(Zabalza Bribián et al, 2010).   

 

    The process of producing clinker as the starting material, affects life cycle of all other cement 
materials. So it is important to find an eco efficient solution for clinker processing. Going for 
alternative fuels in production of clinker can reduce the emissions of carbon dioxide in 
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manufacturing process by 30%. Energy consumed by a conventional clinker furnace is 
theoretically between 1700 and 1800 MJ per ton (2900-3200 MJ per ton in reality). By 
improvement of technology till 2050, carbon dioxide emissions of this section can be halved in 
comparison to 1990 levels (Zabalza Bribián et al, 2010).   

 

Table 29: LCA results for cement and concrete (Zabalza Bribián et al, 2010) 
 

Building 
product 

Density 
(kg/m3) 

Thermal                                                
conductivity  
(W/mK) 

Primary energy   
demand 
(MJ-Eq/kg) 

Global    
warming 
potential       
(kg CO2-Eq/kg) 

Water demand 
(l/kg) 

Cement  3150 1.4 4.235 0.819 3.937 
Cement mortar 1525 0.7 2.171 0.241 3.329 
Reinforced 
concrete 

2546 2.3 1.802 0.179 2.768 

Concrete  2380 1.65 1.105 0.137 2.045 

 

 

    In desert housing, concrete blocks are used widely as wall materials. To produce concrete 
blocks, modifications of Portland cement are used as a binder, combined with break-stone and 
sand as coarse and fine aggregates.  In many concrete products, a considerable proportion of 
Portland cement which requires a lot of energy to be fabricated can be replaced by fly-ash. Fly-
ash is generated in coal burning power stations as an industrial by-product which can potentially 
be a pollutant. U.S Department of energy in 2006, has estimated in a report that if Portland 
cement is substituted by fly-ash in concrete production, the carbon dioxide emissions will reduce 
1 ton for every ton of ash used (Pearlmutter et al, 2007). 

 

o Materials	  for	  insulation	  

	  	  	  	  Conventional materials for insulation that are industrially manufactured like expanded 
polystyrene insulation (EPS), have obviously higher impacts than natural insulators for instance 
wool, cork, and wood fiber or cellulosic fiber which is a recycled type. Manufactured insulation 
materials such as polystyrene and polyurethane consume quite a considerable amount of natural 
gas and petroleum to be synthesized and lead to emission of 7 kg of carbon dioxide equivalent 
per kg. If incinerated at the end of the life cycle, natural insulators emit 98% less amount of CO2 
equivalent, and if recycled can even act as CO2 drain. Today sheep’s wool that is an 
environmental galore raw material to be used for insulation is regarded as waste material that 
requires extra energy to be disposed of.  An upturn in wool market, also leads to a sustainable 
development in country sides. Getting cork from a tree can be done every ten years in summer 
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time. It does not harm the ecosystem and is such an ecological process. Among conventional 
insulators, highest negative impact is associated with stiff polyurethane foam and tiles from 
expanded polystyrene. They have a very high water footprint, and the greatest production energy 
demand. The final incineration is another disadvantage that still contributes to global warming.  
For rock wool as an alternative, water footprint is 8.4 times less, processing energy demand is 4 
times less and carbon footprint is 4.7 times less. High consumption of coal and specific impacts 
of phenolic resins are the downside of rock wool usage. Key characteristics of some insulation 
materials are shown in Table 30 (Zabalza Bribián et al, 2010).  

	  

Table 30: LCA results of several insulation materials (Zabalza Bribián et al, 2010) 

      Building       
      product                          

      Density 
      (kg/m3) 

Thermal                                                
conductivity  
(W/mK) 

Primary energy   
demand  
   (MJ-Eq/kg) 

Global    
warming 
potential       
(kg CO2-Eq/kg) 

Water demand  
        (l/kg)         

EPS foam slab 30 0.0375 105.486 7.336 192.729 
Rocky wool 60 0.04 26.393 1.511 32.384 
Polyurethane 
rigid foam 

30 0.032 103.782 6.788 350.982 

Cork slab 150 0.049 51.517 0.807 30.337 
Cellulose fiber  50 0.04 10.487 1.831 20.789 
Wood wool 180 0.07 20.267 0.124 2.763 
 

	  
o Wood	  materials	  

    Wood products have almost a neutral carbon dioxide balance in life cycle vision, as they do 
not require much industrial processing and biomass represents 69 to 83% of primary energy 
demand for these products. Wood products if recycled at the end rather than incinerated, could 
have net negative carbon dioxide emission rates. One cubic meter of laminated wood if recycled 
at the end of its life cycle, absorbs 582 kilograms of carbon dioxide. On the other hand, steel and 
concrete cement emit 12.087 and 458 kilograms of CO2 per cubic meter respectively. Besides, 
wooden structure is more resistant to fire. CO2 is captured by forests beforehand, and will be 
stored in wooden structure for the whole life time of the building and even more if wood is 
reused. Melamine and urea formaldehyde resins replacement by natural resins, will lead to a 16% 
and 46% reduction in carbon dioxide emission for laminated wood and fiberboard respectively. 
Drying cut wood in appropriate climate instead of furnace drying can lead to an 11% reduction in 
CO2 emission (Zabalza Bribián et al, 2010).   
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    Total carbon dioxide sequestration by a straw bale can be roughly calculated by multiplying 
relative molecular mass of carbon dioxide (44 g/molecule) by the content of carbon in the bale 
(0.367) divided by the atomic mass of carbon (12 g), which will give the total carbon dioxide 
sequestration in the bale as 1.35 kg CO2/kg of bale. It is important to include carbon dioxide 
sequestration term in analysis. For straw, emission figure of 0.01 kg CO2/kg is often used when 
sequestration term is not included, while when the calculation includes sequestration it leads to 
negative emission figure of 1.35 as discussed above (Sodagar et al, 2011).   

 

    For timber production as it is not a byproduct, wood should be harvested, transported and 
processed and all these stages are associated with carbon dioxide emissions. Excluding 
sequestration term, a positive figure of 0.45 kg CO2/kg is used for timber, while if sequestration 
is taken into account it will have a negative footprint similar to straw due to carbon dioxide fixed 
by living trees. By considering different species, softwood is reported to have average carbon 
content of 52.7%. So CO2 sequestered by timber can be calculated (0.527×44/12) as 1.93 
kgCO2/kg. Some reports say that by considering sequestration and stages of harvesting, 
transportation and wood processing, wood has a net negative footprint of 1.2 kg CO2/kg 
(Sodagar et al, 2011).   
 
 
    Straw is a plant which is grown annually within the renewable natural process of 
photosynthesis, needing very small amounts of energy to be produced.  Although today it is 
already being used for production of construction boards, bio-fuel and animal bedding, it is 
effectively regarded as a waste stream and a byproduct in grain production.  Its potential to be 
used as an unprocessed material for construction is still unexplored in many places. However an 
increased interest can be seen in straw usage for construction in the last 15 years. Straw has got 
acceptable load bearing potentials with very substantial insulation properties. Straw if used in 
mainstream construction can be reused after demolition phase of the building in fuel production 
or agriculture which means less pressure on the environment (Sodagar et al, 2011).   

 
    One case study on straw-bale housing potential in UK reports that if carbon lock-in benefits 
are not considered for timber and straw, material emission rate for internal floor area is 151 kg 
CO2/m2, which is much less than average figure of 475 kg CO2/m2 for conventional new 
buildings in UK (Sodagar et al, 2011).   
 
 
    Biotic materials can sequester more carbon than they release, and by considering the potential 
for carbon sequestration, their overall embodied impact may substantially change.  With taking 
carbon lock-in benefits into account for timber and straw, 82.5 kg CO2 can be locked in by every 
square meter of floor area during the whole lifetime of the building (Sodagar et al, 2011).   



	   44	   	  
	  

o Other materials 

    As Figure 8 shows, glass, copper, PVC, aluminum and etc, are other materials with high raw 
material extraction and processing energy loads that are commonly used in conventional 
buildings each having their own specific environmental impacts. These materials are synthesized 
in industries that are completely globalized, which amplifies the effect of transportation. PVC 
has got a very high water footprint and aluminum production is associated with very high 
electricity consumption. Secondary industry production of metals such as aluminum, steel and 
copper should be internationally developed in favor of more recycling and waste to resource 
transformation. Secondary steel production leads to 74% reduction in CO2 emissions and 
prevents 1.2 kilograms of carbon dioxide equivalent to be emitted compared to primary 
production for one kilogram of steel. For secondary aluminum and copper production, this 
reduction is 92% and 64%, preventing emission of 11.3 and 1.7 kg carbon dioxide equivalent per 
kg of metal respectively (Zabalza Bribián et al, 2010).    

 

	  

Figure 8: Share of construction materials in overall primary energy demand for construction of 1 m2 (gross area) 
(Zabalza Bribián et al, 2010) 

 

o     Recycling and reuse  

    As discussed before, life of a building can be divided into three different phases in which 

opportunities could be found for increasing efficiency: 
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- Pre-use phase: This phase includes extraction of the materials, production, transportation 
and construction of the building. In this phase production energy of the building 
components is of importance (embodied energy). 
 
 

- Use-phase: This phase includes energy needed for operation and maintenance during the 
useful life of the building. Lighting, heating, cooling and etc., also thermal properties of 
materials are of importance (operational energy). 
 

- Post-use phase: Energy required for demolition and disposal, and possible recycling or 
reusing options after useful life of the building are of importance (Pearlmutter et al, 
2007). 

 

        Down-cycling and recycling generally can be defined as reusing materials that are otherwise 
regarded as pre-consumer (manufacturing materials) or pro-consumer (discarded materials by 
consumers) waste (Bohne, 2005). 

 

    In the case of recycling, buildings can be classified into three different categories; chained and 
single houses (residential buildings with small area and high need for furnishing), high houses 
and office buildings (larger area buildings with high need for furnishing), agricultural/industrial 
buildings (other type, large area with low need for furnishing). Empirical results for over 300 
projects in Norway 1998 on waste generation in construction, rehabilitation and demolition 
phases are presented in Table 31. Demolition is the main contributor to waste generation in 
comparison to two other phases of the building’s life time (Bohne, 2005).  

 

Table 31: Waste generation factors and composition (kg/m2) (Bohne, 2005) 

	            Construction             Renovation            Demolition  
Composition  Resid       Large     Other Resid       Large     Other Resid       Large     Other 
Asbestos  -‐	   -‐	   -‐	   0.5 0.5 0.5 2.14 2.14 2.14 
Hazardous  0.07 0.07 0.07 0.03 0.03 0.03 0.40 0.42 0.23 
Concrete/Bricks 6.50 19.11 17.52 40.40 30.45 18.77 394.30 1012.4 519.3 
Gypsum  3.04 1.38 0.80 5.90 2.44 2.30 3.37 0.01 0.31 
Glass  0.24 0.12 - 0.29 0.29 0.29 2.59 0.44 0.20 
Insulation/EPS 1.20 0.21 0.10 0.62 0.14 0.10 1.69 - 0.09 
Metals  0.11 0.48 0.79 0.38 4.06 6.05 4.45 7.70 45.31 
Paper/Plastics 2.92 0.46 0.26 0.71 0.68 0.14 0.92 0.32 2.57 
Wood  5.68 2.75 4.05 37.94 8.06 2.30 105.84 48.55 17.09 
Unknown  9.60 6.19 7.91 2.70 13.48 2.70 59.02 31.21 14.67 
Total  29.36 30.77 31.50 89.47 60.13 33.18 574.72 1103.2 601.9 
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    As shown clearly in Table 32, land-filling, even when including gas capture and combustion, 
leads to far higher emissions of carbon dioxide than other waste disposal methods.  EFW (energy 
from waste) combined with CHP (combined heat and power) have got net negative CO2 
emissions as the energy generated from waste, offsets fossil fuel combustion (Couth et al, 2010).   

 
 

Table 32: Waste treatment technology GHG emission ranking * (Couth et al, 2010)  
 

Scenario  EFW EFW with 
CHP 

MBT and 
landfill 

MBT, 
RDF and 
landfill 

MBT 
with AD 

Landfill 
with gas 
capture 

Emissions offset  
(kg CO2/tone waste) 

12 -216 104 224 210 502 

Ranking 2 1 3 5 4 6 

*EFW: energy from waste (incinerator), CHP: combined heat and power, MBT: mechanical biological treatment, 
RDF: refuse derived fuel, AD: anaerobic digestion  

 
 
 
	  
    United States Environmental Protection Agency (EPA), has introduced a waste management 
model (WARM), for waste planning organizations to track greenhouse gas emission reductions 
taking different waste management strategies. This tool might be not at maximum point of 
accuracy, but still a good one of few developed tools in this case. As it shows a linear correlation 
between recycling/reuse of materials and CO2 emission reduction, in this work calculation is 
done for 1% reused or recycled. The condition in which all the generated waste (from 1000 m2 
construction) is land-filled has been considered as the base for calculations in this thesis, and 
reduction of CO2 emissions due to 1% of materials being reused/recycled is compared with total-
landfill-condition. 1% reuse of materials in construction (concrete excluded, as it is not reusable) 
will result in reduction of 895 MTCO2eq/1000m2, while 1% recycling of materials will result in 
reduction of 320 MTCO2eq/1000m2 (calculations are shown in Appendix B and C). 

 

 Results Summary  

    Materials choice highly can influence carbon dioxide emissions. Ceramic tiles if replaced by 
quarry tiles for exterior paving, can lead to saving of 13.45 MJ per kilogram (86% reduction in 
processing energy demand), and 66% reduction in CO2 emissions (0.57 kg CO2/kg). 
Conventional bricks replacement by light clay bricks prevents the emission of 0.27 kg CO2/kg. 
Finding eco efficient solutions for clinker processing such as using alternative fuels in 
production of clinker can lead to 30% reduction in manufacturing CO2 emissions. US 
Department of energy (2006) has estimated in a report that if Portland cement is substituted by 
fly-ash in concrete production, the CO2 emissions will reduce 1 ton per ton of ash used. 
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Manufactured insulation materials such as polystyrene and polyurethane consume great 
amounts of natural gas and petroleum to be synthesized and have the emission factor of 7 kg 
CO2/kg. On the other hand, natural insulation materials, if incinerated at the end of the life 
cycle, emit 98% less amount of carbon dioxide equivalent, and if recycled can even act as CO2 
drain. Wood products if recycled at the end of use rather than incinerated, might have net 
negative CO2 emission factors. One cubic meter of laminated wood if recycled at the end of its 
life cycle, absorbs 582 kg of carbon dioxide. For straw emission figure of 0.01 kg CO2/kg is often 
used when sequestration term is not taken into account, while when the calculation includes 
sequestration it has negative emission figure of 1.35 kg CO2/kg. Considering sequestration and 
energy consumption in stages of harvesting, transportation and wood processing, wood gives a 
net negative footprint of 1.2 kg CO2/kg. 1% reuse of materials in construction (concrete 
excluded, as it is not reusable) results in carbon dioxide emission reduction of 895 
MTCO2eq/1000m2, while 1% recycling of materials results in carbon dioxide emission reduction 
of 320 MTCO2eq/1000m2. 
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3.5. Indoor Environmental Quality (IEQ) 

 

    LEED 2009 credits and corresponding points for Indoor Environmental quality (IEQ) is shown 
in Table 33.  

 

Table 33: Indoor Environmental quality (IEQ) credits overview in LEED 2009 for New Construction (NC) (USGBC, 2009) 

Credit Title NC 
IEQ Prerequisite 1 Minimum Indoor Air Quality Performance Required 
IEQ Prerequisite 2 Environment Tobacco Smoke (ETS) Control Required 
IEQ Prerequisite 3 Minimum Acoustical Performance NA 
IEQ Credit 1 Outdoor Air Delivery Monitoring 1 point 
IEQ Credit 2 Increased Ventilation 1 point 
IEQ Credit 3.1 Construction Indoor Air Quality Management Plan During 

Construction 
1 point 

IEQ Credit 3 Construction Indoor Air Quality Management Plan During 
Construction 

NA 

IEQ Credit 3.2 Construction Indoor Air Quality Management Plan Before 
Construction 

1 point 

IEQ Credit 4.1 Low Emitting Materials-Adhesives and Sealants 1 point 
IEQ Credit 4.2 Low Emitting Materials-Paints and Coatings 1 point 
IEQ Credit 4.3 Low Emitting Materials-Flooring Systems 1 point 
IEQ Credit 4.4 Low Emitting Materials-Composite Wood and Agrifiber Products 1 point 
IEQ Credit 4.5 Low Emitting Materials-Furniture and Furnishing NA 
IEQ Credit 4.6 Low Emitting Materials-Ceiling and Wall systems NA 
IEQ Credit 5 Indoor Chemical and Pollutant Source Control 1 point 
IEQ Credit 6.1 Controllability of Systems-Lighting 1 point 
IEQ Credit 6.2 Controllability of Systems-Thermal Comfort 1 point 
IEQ Credit 6 Controllability of Systems-Thermal Comfort NA 
IEQ Credit 7.1 Thermal Comfort-Design 1 point 
IEQ Credit 7 Thermal Comfort-Design NA 
IEQ Credit 7.2 Thermal Comfort-Verification 1 point 
IEQ Credit 8.1 Daylight and Views-Daylight 1 point 
IEQ Credit 8.2 Daylight and Views-Views 1 point 
IEQ Credit 9 Enhanced Acoustical Performance NA 
IEQ Credit 10 Mold Prevention NA 
	  

	  



	   49	   	  
	  

 Credits explanation: Credits for Indoor Environmental Quality (IEQ) are not directly 
related to carbon dioxide emissions. In this work we only compare carbon dioxide 
emissions from naturally ventilated spaces with air-conditioned spaces.    

  

Discussion  

	  	  	  	  	  There is wide variety in carbon dioxide emissions when buildings are categorized in new and 
existing buildings. Top half and bottom half of Table 35 are results from two different studies in 
2003 and 2007 respectively, on CO2 emission rates in office buildings divided to two categories 
of “good” and “typical” buildings in terms of energy consumption. As indicated in Table 34, air-
conditioned office space emits considerably more amount of carbon dioxide than naturally 
ventilated space due to the energy required for humidification, cooling fans, controls and pumps. 
Carbon dioxide emissions from a typical prestige air-conditioned office, is three to four times 
more than a typical naturally ventilated office per unit of floor (van de Wetering et al, 2010) 

 

Table 34: Annual CO2 emission (kgCO2/m2 of treated floor area) for office buildings (van de Wetering et al, 2010) 
 

         Naturally ventilated cellular 
(usually small, simple, sometimes      
converted residential property, 
                100-3000 m2)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Naturally ventilated open plan 
(purpose-built, sometimes 

converted industrial property, 
500-4000 m2) 

Air-conditioned standard (large, 
purpose-built or speculatively built, 

2000-8000 m2) 

Air-conditioned prestige 
(national/regional HQ or 
technical/administrative 
centre, 4000-20000 m2) 

      Typical    Good   Typical   Good    Typical     Good   Typical   Good 

CO2 emission:                

Gas   28  15  28  15  33    18  39  21 

Electricity    29  18  46  29  121    69  192  126 

                                

    Existing  New  
build 

 Existing  New  
build 

 Existing  New  
build 

 Existing  New 
build 

CO2 emission :                              

Gas   27  <14  27  14  32    18  37  19 

Electricity    30  <19  48  30  121    67  193  188 

	  

	  

	  	  	  	  Wind can be both a blessing and an enemy to buildings. It could facilitate natural ventilation in 
favor of higher energy efficiency, and could provide more healthy indoor air quality with higher 
levels of thermal comfort. In a moderate climate (e.g. Tennessee) natural ventilation can ease 
passive cooling process during autumn and spring, in dry and warm climate (e.g. Arizona)  
during spring, in mild climate (e.g. Washington) during summer and spring, and in cold climate 
(e.g. Maine) during summer. Table 35 shows potential for natural ventilation in the United 
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States. Wind can also be annoying quite the contrary and a source of irritation for pedestrians as 
a result of high speed of the wind around the buildings (Chen, 2006).  

 

  Table 35: Natural ventilation potential in the United States (Chen, 2006) 

	  

	  	  	  	  

 Results Summary 

    A typical air-conditioned office space leads to emission of substantially greater amounts of 
carbon dioxide in comparison to naturally ventilated space as a result of the energy required 
for humidification, cooling fans, controls and pumps. Carbon dioxide emissions from a 
typical prestige air-conditioned office, is three to four times greater than a typical naturally 
ventilated office per unit of floor. 
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4. Results  
4.1. LEED Centric Litterature Review 

Below, the relevant literature relating to LEED 2009 credits is presented with qualitative 
comments of the usability of each paper. 

  Table 36: Summary of Litterature Review based on a LEED 2009-centric structure 

Category  Credit  Parameters Paper  (+)Advantages of 
the paper 

(-)Disadvantages 
of the paper 

General 
information 

General 
expression  

Rating systems Papadopoulos et 
al, 2009 

An overview of 
different 
environmental 
rating systems 

 

General 
information 

General 
expression 

LCA of 
buildings 

Mohamad et al, 
2009 

Negative life cycle 
environmental 
impacts of 
buildings  

 

General 
information 

General 
expression 

Reduction of 
emissions 

Moomaw et al, 
2007   

Policies to reduce 
total emissions by 
3% annually 

US specified 

General 
information 

General 
expression 

Fossil fuel 
burning 

Myhre et al, 2009 Calculating annual 
carbon emissions 
caused from fossil 
fuels  

 

General 
information 

General 
expression 

Reduction of 
GHG emissions 

Sathaye et al, 
2009 

Relation between 
energy efficiency 
and GHG 
emissions 

 

General 
information 

General 
expression 

Carbon dioxide 
emissions 

Tokgöz, 2010 Calculating 
worldwide annual 
carbon dioxide 
emissions effect 

Effect of global 
emissions on 
atmospheric 
warming in 
Turkey 

General 
information 

General 
expression 

Carbon 
emissions and 
energy loads 

Salat, 2009 Relation between 
energy loads and 
carbon dioxide 
emissions  

Focused on 
architectural and 
urban typology  

Sustainable 
Sites 

SS Credit 1 Soil respiration Rastogi et al, 
2002 

Carbon dioxide 
emissions from 
soil 

 

Sustainable 
Sites 

SS Credit 1 Deforestation  Andrews, 2008 Relation between 
deforestation and 
emissions 

New Jersey 
specified  

Sustainable 
Sites 

SS Credit 2 
SS Credit 4 

Deforestation 
and dwelling 
density 

Fehr and Peers, 
2010 

Relation between 
density and VMT 
reduction 

California 
specified 

Sustainable 
Sites  

SS Credit 2 
SS Credit 4 

Urban 
transportation 

Barthelmie et al, 
2008 

Relation between 
transportation and 
emissions 

UK specified 

Sustainable 
Sites 

SS Credit 2 
SS Credit 4 

Urban 
transportation 

Lindsey et al, 
2011 

Average mpg 
values 

Chicago 
specified 

Sustainable SS Credit 7 Heat island Hu et al, 2009   
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Sites effect 
Sustainable 
Sites 

SS Credit 7 Heat island 
effect 

Coutts et al, 2010   

Sustainable 
Sites 

SS Credit 7 Heat island 
effect 

Akbari, 2005 Relation between 
UHI and energy 
use 

USA specified 

Sustainable 
Sites 

SS Credit 7 Heat island 
effect  

Akbari et al, 2005 Saving potentials 
based on climate 
and HDD and 
CDD values 

USA specified 

Water 
Efficiency 

WE Credit 1 
WE Credit 3 

Urban water 
chain 

Van der Graaf et 
al, 1997 

Un-sustainability 
factors in urban 
water production  

Not focusing on 
carbon dioxide 
emissions 

Water 
Efficiency  

WE Credit 1 
WE Credit 3 

Water saving 
strategies, 
energy sources 
for providing 
water 

Novotny, 2011 Water saving 
potential, 
alternative energy 
sources and their 
emission factors 

USA specified 

Water 
Efficiency 

WE Credit 2 
 

Water demand 
and wastewater 
generation  

Venkatesh et al, 
2011 

Comparison 
between water 
recycling and 
ocean water 
desalination 

 

Water 
Efficiency  

WE Credit 1 
WE Credit 2 
WE Credit 3 

Required energy 
for water 
production 

Stokes et al, 2010 Energy needed in 
different stages of 
urban water 
production 

 

Energy and 
Atmosphere 

EA Credit 1 Carbon 
emissions from 
construction 
industry 

Tsai et al, 2011 Share of 
construction in 
total carbon 
dioxide emissions 

 

Energy and 
Atmosphere 

EA Credit 1 Sustainability Wong et al, 2011 What parameters 
lead to  
sustainable 
construction 
industry 

 

Energy and 
Atmosphere  

EA Credit 1 Energy intensity Sun, 2006 Importance of 
energy intensity 
and carbonization 
index 

 

Energy and 
Atmosphere 

EA Credit 1 Operational 
energy 

Treloar et al, 2000 Operational 
energy of a 
building by 
activity and fuel 
type 

Australia 
specified 

Energy and 
Atmosphere 

EA Credit 1 Emissions from 
energy 
consumption 

Dones et al, 2007 Emission factors 
of different 
sources 

USA specified 

Energy and 
Atmosphere 

EA Credit 1 Emissions from 
different sources 

CNA, 2008 Emission factors 
of different 
sources 

Canada 
specified 

Energy and 
Atmosphere 

EA Credit 1 Actors and 
choices they can 
make 

Brunklaus et al, 
2010 

Different choices 
that actors have in 
different stages 

Sweden 
specified 
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Energy and 
Atmosphere 

EA Credit 2 
EA Credit 6 

Renewable 
energy use, 
green energy 

Blom et al 2011 Negative 
environmental 
impacts of heat 
and electricity 

 

Energy and 
Atmosphere 

EA Credit 2 
EA Credit 6 

Emissions from 
different sources 

Meier, 2002 Nuclear/renewable 
average emission 
factors compared 
to other sources 

USA specified 

Energy and 
Atmosphere 

EA Credit 2 
EA Credit 6 

Potentials to 
reduce energy 
consumption 

Optis et al, 2010 Dividing lifetime 
of  buildings into 
different stages 

 

Energy and 
Atmosphere 

EA Credit 3 Commissioning  Bauer et al, 2010 Different aspects 
of green buildings 

 

Energy and 
Atmosphere 

EA Credit 3 Commissioning Mills, 2009 Potentials of 
saving by 
commissioning 

USA specified 

Energy and 
Atmosphere 

EA Credit 4 Emission of 
refrigerants  

Blowers et al, 
2010 

Describing 
refrigeration 
process  

 

Energy and 
Atmosphere 

EA Credit 4 Emission of 
refrigerants  

Wuebbles, 1994 Impacts of CFCs, 
HFCs and HCFCs 

 

Energy and 
Atmosphere 

EA Credit 4 Emission of 
refrigerants 

Bovea et al, 2007 GWP of different 
refrigerants and 
different systems 

 

Energy and 
Atmosphere 

EA Credit 4 Emission of 
refrigerants 

Taddonio, 2010 HFC emissions 
from MAC 

 

Materials and 
Resources 

MR Credits 1-6 Impacts of 
materials use 

Junnila, 2004 Negative impacts 
of construction in 
low energy 
buildings 

 

Materials and 
Resources 

MR Credits 1-6  Impacts of 
materials use 

Leung et al, 2005 Dominant 
pollutant materials 
in construction  

Hong Kong 
specified  

Materials and 
Resources 

MR Credits 1-6 Embodied 
energy 

Zabalza Bribián et 
al, 2010 

Carbon emissions 
caused by 
materials 
production 

Based on 
European 
standards 

Materials and 
Resources 

MR Credits 1-6 Energy 
consumption in 
different stages 

Pearlmutter et al, 
2007 

Share of embodied 
energy 

 

Materials and 
Resources 

MR Credits 1-6 Energy 
consumption in 
cement 
production 

Rodrigues et al, 
2010 

Emissions  from 
manufacturing of 
concrete and 
cement  

 

Materials and 
Resources 

MR Credits 1-6 Wood materials Sodagar et al, 
2011 

Carbon 
sequestration 
factor and using 
wood products 

Based on UK 
standards 

Materials and 
Resources 

MR Credits 1-6 Recycling and 
reuse  

Bohne, 2005 Percentage of 
different materials 
in construction 
waste 

Based on 
standards in 
Norway 

Materials and 
Resources 

MR Credits 1-6 Recycling and 
reuse 

Couth et al, 2010 GHG emissions 
from different 

Africa specified 
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waste treatment 
technologies 

Indoor 
Environmental 
Quality 

General 
expression 

Natural 
ventilation 

van de Wetering 
et al, 2010 

Energy saving 
potentials by 
natural ventilation 
in office buildings 

 

Indoor 
Environmental 
Quality 

General 
expression 

Natural 
ventilation 

Chen, 2006 Natural ventilation 
potentials in the 
US 

USA specified 

 

 

4.2. Quantitative Results Summary 
 

• In this work, establishment of buildings in undeveloped sites is estimated to lead to 
emission of 57.28 tons of CO2-Equivalent/ acre.  

• Emission factor for an average vehicle in Chicago was calculated as 0.335 kg CO2-
Equivalent/ mile (0.208 kg CO2-Equivalent/ km). CO2 emission factor for a taxi is 0.424 
(kg CO2-Equivalent/ km), and for public transportation vehicles regarding load factors, 
emission figure is 0.0891 (kg CO2-Equivalent/ km) for bus and 0.062 (kg CO2-
Equivalent/ km) for train.  

• Increasing the ratio of dwelling/acre from 40 to 60 can reduce VMT by 5%. Upper limit 
of VMT reduction by increasing dwelling/acre ratio is 30%, which is associated with cap 
of 500% increase in dwelling density.  

• 5-10% of the peak electrical demand in US cities is resulted from UHI effect. Above 15-
20 °C, every Celsius degree rise in the urban temperature results in 2-4% increase in peak 
urban electric demand. By installing light colored roofs all over the country, potentially 
10TWh of energy can be saved annually. 

 
 

• Average emission factor for providing clean water and disposing wastewater in the US is 
1.37 kg CO2/ m3 of water (75.5 million tons of carbon dioxide was resulted from 55 
billion cubic meters water consumption in 2007). There is also an additional emission of 
200 million tons of CO2 caused from hot water heating, wet cleaning, boiling and 
cooking. So the overall average emission factor in United States for water consumption is 
5 kg CO2/ m3.  

• Water saving strategies can have the potential to reduce water consumption by 65%. 
• In a life cycle vision recycling one cubic meter of water requires 17 MJ of energy, much 

less than the needed energy for desalination of one cubic meter of ocean water which is 
42 MJ. Recycling wastewater instead of ocean water desalination leads to 0.405 times 
less energy consumption. Every cubic meter of water if recycled, can offset emission of 
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2.97 kilograms of carbon dioxide. On-site wastewater treatment reduces emissions by 
reducing pipelines and pumping requirements.  

 
• Some reports give emission factor for energy production in US as 0.605 (kg CO2-

Equivalent/ kWh). Values of 0.61 and 0.755 have also been reported.  
 

• Although commissioning is sometimes regarded as an additional luxury cost, it leads to 
total energy saving of 13% for new construction and 16% for existing buildings in 
average.  

 
• Among refrigeration systems, direct expansion system is greater contributor to global 

warming in comparison to secondary loop and distributed system. Using ammonia and 
carbon dioxide as refrigerant can considerably decreases the global warming potential of 
a refrigeration system.  

 
 

• Replacement of ceramic tiles with quarry tiles, leads to 13.45 MJ energy saving per 
kilogram (86% reduction in processing energy demand), and 66% cut in CO2 emissions 
(0.57 kg CO2/kg).  

• Replacing conventional bricks by light clay bricks prevents the emission of 0.27 kg 
CO2/kg.  

• Using alternative fuels for clinker production can reduce manufacturing CO2 emissions 
by 30%.  

• Portland cement if substituted with fly-ash in concrete production, the CO2 emissions will 
reduce 1 ton per ton of used ash.  

• Synthesis of manufactured materials for insulation like polystyrene and polyurethane 
consumes great amounts of natural gas and petroleum, leading to emission factor of 7 kg 
CO2/kg for these materials.  

• Natural insulation materials, if incinerated at the end of the life cycle, emit 98% less 
amount of CO2 equivalent, while if recycled can even act as CO2 drain.  

• Wood products if recycled after use rather than incinerated, could have net negative 
carbon dioxide emission factors. One cubic meter of laminated wood if recycled at the 
end of its life cycle, can absorb 582 kilograms of CO2. Emission figure of 0.01 kg CO2/kg 
is often used for straw when sequestration term is not taken into account, but when 
calculations consider sequestration term it has negative emission factor of 1.35 kg 
CO2/kg. Considering sequestration and all stages of transportation, harvesting and 
processing, wood gives a net negative footprint of 1.2 kg CO2/kg. 1% reuse of building 
materials for construction leads to carbon dioxide emission reduction of about 895 
MTCO2eq/1000m2, and 1% recycling of materials offsets emission of about 320 
MTCO2eq/1000m2. 
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• CO2 emissions from a typical prestige air-conditioned office per unit of floor, is usually 

three to four times greater than emissions from a typical naturally ventilated office. 

 

5. Conclusions 

This thesis has demonstrated the state of the two core issues that the thesis was intended to cover 
as well as provided a foundation of scientific literature for future research and reference. The 
first issue that has been demonstrated is that for each credit in LEED, which is considered a 
holistic program by most professionals, there is quantitative research that at least on a case by 
case basis can indeed quantify all aspects of the GHG implications of buildings and LEED 
credits applied to them. A more important conclusion from this work however, is that if a 
detailed accounting of GHG’s is intended, only parts of the available research is possible to be 
generalized to fit all projects around the world. This is given due to all the spatially and 
demographically contingent variables that are very challenging to include in a detailed modeling 
software. So while GHG-centric building design software is possible to do with great detail on a 
project basis, it is very hard to come up with a detailed solution that would aim to be a good 
design tool for all projects in the world. 

On the other side, this thesis demonstrates that if the intention is not a detailed quantification of, 
e.g. a building portfolio’s GHG performance, but rather a GHG scoping exercise to get a general 
understanding of which buildings to focus on and with which measure to use, it is possible to 
establish some coarse causal rules that together can define a building’s GHG emissions. 

Given the large amounts of scientific papers that was studied, assessed and compiled in the result 
section. This thesis could therefore be used for future reference and research purposes.
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Appendix A 

Table A: Results from Waste Reduction Model (warm); landfill as baseline and reuse as alternative scenario. 

 

Appendix B 

Table B: Results from Waste Reduction Model (warm); landfill as baseline and recycling as alternative scenario. 
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