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─────────────────────────────────────────────────────── 

Abstract: Geothermal heated pavement systems (GHPS), viz., the use of geothermal energy to heat pavements, have been used as an 

efficient alternative to de-icing chemicals and mechanical snow-removal equipment. Although some previous studies on 

pavement-heating systems have focused on their efficiency and economic viability, up to this point none of them have systematically 

investigated their potential to contribute toward global warming. This study applies life cycle assessment to analyze and compare 

greenhouse gas (GHG) emissions resulting from the use of either GHPS or traditional snow-removal systems on airport runways and gate 

areas. A GHPS produces lower GHG emissions than a traditional snow-removal system in removing 2.5 cm of snow from an airport 

runway, and it is anticipated that the actual environmental benefits of using heated-pavement systems may become more evident at higher 

snowfall intensities or durations. The study also discovered that GHG emissions resulting from the use of GHPS at the airport gate area 

are about 100 times less in magnitude than those resulting from the use of either GHPS or traditional snow-removal strategies applied to 

airport runways. This indicates that the use of GHPS in selected airport areas such as airport gate areas (as opposed to runways) can result 

in much greater sustainability benefits, in terms of improved airport ground crew safety, cost-effectiveness, and reduced environmental 

impact. 
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Introduction 

12
 

 

Snow, ice, or slush on airfield surfaces can result in aircraft-related 

accidents, so snow removal is a top priority for airports [1]. 

De-icing and anti-icing are two major techniques for removal of 

snow, frost, or ice from transportation surfaces to increase traffic 

safety. Airports typically use mechanical snow-removal equipment 

such as snow plows and snow blowers to move snow from traffic 

areas to other locations and use chemical reagents for 

deicing/anti-icing for removal or preventing formation of ice on 

airport runways, taxi-ways, and other surface areas accessible by 

snow-removal equipment [2].  

Heated pavement systems are being explored as efficient 

alternatives to mechanical and chemical de-icing techniques.  

Heated pavement systems refer to the idea of heating a pavement 

surface using either electrical means or through hydronic heating, 

i.e., running heated fluid through embedded pipes [3]. A 

geothermally-heated pavement system (GHPS) uses a 

ground-source heat pump (GSHP) to extract geothermal energy for 

warming up and circulating a hot water/glycol mixture through 

pipes embedded within the pavement to heat up the pavement and 

thereby melt the ice. A GSHP can also provide space heating by 

capturing heat present in the soil or groundwater using a heat 

exchanger [4]. Geothermal heat-exchanger systems fall into one of 

three types: direct-exchange, closed-loop, and open-loop. Open-loop 

systems are highly dependent on groundwater extraction and have 

                                                 
1 Department of Civil, Construction and Environmental Engineering, 

Iowa State University, Ames, IA 50011, USA. 2 

+ Corresponding Author: E-mail hceylan@iastate.edu  

Note: Submitted January 27, 2015; Revised June 1, 2015; 

Accepted  June 2, 2015. 

relatively low efficiency; closed-loop systems require longer and 

larger pipes and consequently result in increased construction costs. 

Because of these disadvantages, this study focused on only 

direct-exchange-based GHPS.  

A direct-exchange system uses a single loop to circulate fluid in 

contact with the ground to directly extract or dissipate heat. There 

are two kinds of piping systems, viz., horizontal systems and 

vertical systems. The depths of horizontal heat exchangers range 

from three to eight feet, while vertical heat exchangers may require 

depths ranging from 30 to 152 m [5]. It has been claimed that a 

vertical-loop system is relatively more efficient than a horizontal 

one because the ground temperature remains relatively constant at 

depths greater than 61 m [6], so only vertical direct-exchange 

geothermal systems will be considered in this study. Geothermal 

heating has been used in numerous residential and industrial 

applications.  

Although previous studies on heated pavement systems have 

analyzed their snow-removal efficiency and cost–effectiveness, few 

if any studies have attempted to investigate in a systematic manner 

their environmental efficiency based on greenhouse gas (GHG) 

emissions of CO2, CH4, and N2O. An analysis of GHG emissions 

from newly-developed man-made processes/techniques is essential 

because there is “a more than 90 percent probability” that 

anthropogenic GHG emissions have contributed to many of the 

current global-warming trends, as described in the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change (IPCC) 

[8]. Well-publicized global-warming effects can cause serious 

environmental problems such as sea-level rise, subtropical desert 

expansion, and even extinction of species [7-9].  

To help understand GHG emissions of airport snow-removal 

systems, a life-cycle assessment (LCA) technique for conducting 

carbon footprint analysis (CFA) can be used. CFA analyzes the total 
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amount of CO2 and other GHG emissions released over the life 

cycle of a product or system expressed in metric tons of CO2 

equivalents or tCO2eq. The use of a LCA and a CFA to assess the 

GHG emissions of both traditional and alternative airport 

snow-removal systems will enable airport owners or operators to 

consider various what-if scenarios and identify airport pavement 

locations where such a system is most likely to have the 

highest/least environmental impact. 

 

Scope and Objectives 

 

The overall goal of this study is to compare the energy use and 

carbon footprint of a GHPS with that of a traditional airport runway 

snow-removal system. LCA methodology will be used to estimate 

GHG emissions from both the snow-removal systems by defining 

and establishing the boundaries for the system analysis, by 

developing a full understanding of the amount of energy used and 

GHG emissions from the systems, by assessing potential 

environmental effects through an inventory analysis, and by 

evaluating the consequences of the inventory analysis and impact 

assessment to provide actionable insights for system operators [10].  

There are three broad approaches to conducting a LCA: process 

life-cycle assessment, economic input-out life-cycle assessment, and 

hybrid life-cycle assessment. Although the LCA process has 

disadvantages, such as subjective boundary selection, lack of 

comprehensive data in many cases, and some uncertainty, it does 

provide detailed information with respect to the assessment of 

specific processes and is generally considered to be an effective 

methodology for product comparisons [11]. The LCA process 

considers material and energy input and GHG output within the 

pre-defined system boundary at every stage in the life cycle. Since 

the objective of this study is to do a comparative CFA and 

environmental impact assessment of traditional snow-removal and 

heated pavement systems rather than a detailed cradle-to-grave LCA 

of airport snow-removal systems, a partial LCA methodology has 

been adopted, one that excludes those phases of the life cycle that 

are exactly the same for both systems with respect to energy 

consumption and GHG emissions. 

The GHGs considered in this study include CO2, CH4 and N2O 

emissions resulting from the construction and operation phases of 

both snow-removal systems. The concept of global-warming 

potential (GWP) is typically used to express the capability of a 

certain GHG to trap heat in the atmosphere relative to CO2 over a 

specified time horizon. Based on the Fifth Assessment Report of the 

IPCC [8], CO2 has a global-warming potential (GWP) of 1 over 100 

years; CH4 has a GWP of 25 (i.e., Methane is capable of trapping 25 

times more heat than CO2 per unit weight over a 100-year time 

period) and N2O has a GWP of 298.  

The nature of LCA and GHG emissions from energy production 

and waste treatment operations is well documented in the literature, 

so upstream GHG emissions from power plant and end-of-life GHG 

emissions from waste treatment are included in this study in order to 

provide better understanding and highlight the differences in energy 

use and carbon footprints between the two types of snow-removal 

systems.    

 

Carbon Footprint Analysis Methodology  

 

Overview of Snow-removal System Life-cycle Phases  

 

The life cycle of a snow-removal system includes several different 

stages in its production, implementation, and operation, beginning 

with the extraction of its raw materials. As the first LCA study on 

GHPS at airports, this study considered only life-cycle phases 

making significant contributions towards overall GHG emissions 

from both GHPS and traditional snow-removal systems. GHPS also 

is a relatively new technology applied to airport snow removal, and 

therefore detailed information needed to conduct a full-fledged LCA 

study related to its maintenance (frequency, energy consumption, 

etc.) is lacking in the literature. Thus, for the sake of simplicity, this 

study focused more on GHG emissions from the construction and 

operational phases of the traditional snow-removal system and the 

GHPS. The time horizon for analysis was assumed to be 20 years, 

ranging from construction through operation. The GHGs from 

wastewater treatment and incineration plants have previously been 

reported as being significant, so waste treatment was included 

separately as a life-cycle phase. Assuming that the waste released 

consists mostly of chemical pavement deicer (mixed with melted 

ice/snow slush) from the operational phase of the traditional runway 

snow-removal system, the wastewater treatment phase is included in 

the LCA of the traditional snow-removal system. However, based 

on reported literature, viz., Life Cycle Assessment: Principle and 

Practice [10], landfills have not been considered as a life-cycle 

phase in this study 

To compare the GHG emissions of both snow-removal systems 

under identically conditions, both are assumed to be used to remove 

2.5 cm (1 in.) of snow at an ambient temperature of -21°C (-6°F, a 

freezing rainy day) on identical airport runways. The runway area 

for analysis is assumed to be 1.67×105 m2 (1,114 m × 14 m) and the 

runway section is assumed to consist of 30 cm thick Portland 

cement concrete (PCC) pavement. 

 

Geothermally-heated Pavement System Model and Life 

Cycle 

 

For the vertical direct-exchange geothermal system considered in 

this study it is assumed that one unit of hydronic piping (see Fig. 1 

(a)) can heat an area of 0.85 m2. A three-quarter-inch polyethylene 

(PE) pipe is assumed in this study to circulate a propylene glycol 

solution [12]; the maximum pipe length is about 91 m for a single 

circuit. Since one unit of hydronic piping requires 5.2 m of pipe 

length, there can be 18 units per circuit (see Fig. 1 (b)). In this study, 

40 circuits were calculated to have been placed into one well to 

minimize the number of heat wells (see Fig. 1 (c)); one 152-m heat 

well can thus warm up to about 613 m2 of slab area. Assuming a 3.8 

liter per minute water-flow rate per circuit, the total flow rate is 

2.5×10-3 m3/s per heat well.  

The GHPS life cycle phases include a construction materials 

production phase, a system construction phase, an energy 

production phase, and a system operation phase. There is no waste 

treatment phase since there is no use of deicer with heated 

pavements. The energy production phase also accounts for GHG 
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(a)                                                        (b) 

 
(c) 

Fig. 1. Plan View of Hydronic Piping Model: (a) One Unit of Hydronic Piping, (b) One Circuit of Hydronic Piping, and (c) Hydronic Piping 

Model Per Heat Eell. 

 

emissions from cradle to grid. In this study, the critical factors in the 

GHPS construction phase are the drilling of the heat well and the 

PCC pavement production. The only energy demand to run the 

system is assumed to be that for the pumping operation. An electric 

pump is selected as an example of a power-supply device for 

circulating the heated fluid. The system boundary of the GHPS life 

cycle considered in this study is shown in Fig. 2. 

Because the electric pump applied in a direct-exchange 

geothermally-heated system consumes electrical power for 

circulating fluid, no GHG will be directly released from the heated 

system. This means that the total amount of GHG released from the 

construction materials production phase, the construction phase, and 

the energy production phase has been taken to be the total GHG 

emissions from the GHPS. 

 

Construction Material Production Phase and Construction 

Phase 

 

The airport runway PCC, with a 20-year design life, has an assumed 

composition of 12% cement, 82% aggregates, and 6% water by total 

volume. Using system boundaries, technical applications, fuel 

sources, and raw material sources described in previous studies, the 

GHG emission factors from concrete manufacturing, assumed to be 

the same as reported in those [13-17], vary from 0.10 to 0.13 

tCO2eq/t of concrete. A GHG emission factor of 0.13 tCO2eq/t of 

concrete is assumed as a conservative estimate for the 

pavement-construction materials production phase in this study [18]. 

The total mass of concrete required for building a runway area of 

1.67×105 m2 with 30 cm thickness is estimated to be 1.35×105 t 

(density of concrete is assumed to be 2.68 t/m3). Consequently, the 

GHG emissions from pavement-construction materials 

manufacturing is about 1.7×104 tCO2eq.  Based on a previous 

study [19], a GHG emission factor of 0.004 tCO2eq per 30.5 m pipe 

is assumed for PE pipe manufacturing. Based on the 

geothermal-heated pavement model, about one million meters of PE 

pipe are needed to heat the 1.67×105 m2 runway area, so the total 

GHG emissions from PE pipe manufacturing are estimated to be 43 

tCO2eq. 

The construction phase of the GHPS includes PCC placement and 

heat-well drilling. Based on a previous study [14], the GHG 

emission factor for PCC placement taken to be 2.5×10-3 tCO2eq/t 

concrete which is much less than 23.3×10-1, the emission factor for 

construction-materials manufacturing. The GHG emission from 

PCC placement is thus 338 tCO2eq. Heat-well drilling utilizes a 

driller to dig deep holes, and a driller equipped with a 1,500 kW 

engine and exhibiting a 39.6 m/min drilling speed is assumed in this 

study. Based on the geothermally-heated system model considered 

in this study, 263 wells are required, so the total drilling time works 

out to be 34 hours. To accurately determine the amount of GHG 

where the conversion factor for diesel fuel is taken to be 0.00268 t 

released from heat-well drilling, an estimation of diesel oil 

consumption must be included; the fuel consumption estimated as in 

[20] is: 
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Fig. 2. System Boundary of Geothermal Heated Pavement System. 

 

LFRPFC  3.0                                     (1) 

where FC is Fuel Consumption (per h), RP is equipment rated 

power (kW), 0.3 is a unit conversion factor (per kWh), and LF is an 

engine load factor (60% assumed). 

The diesel fuel CO2 conversion factor (99% of total GHG) 

emission can be calculated as [20]: 

GHG emissions 00268. FC                             (2) 

[21]. GHG emissions from heat well drilling are estimated to be 42 

tCO2eq.  

Because of lack of available data regarding energy consumption 

and emissions from the PEX pipe-placement operation (expected to 

be minimal from an overall life-cycle perspective), it is not included 

in this study. The resulting total GHG emissions from the 

construction phase are calculated to be 380 tCO2eq. Since the time 

horizon of the airport runway in this study is assumed to be 20 years, 

the total GHG emissions from the construction material production 

phase and the construction phase can be calculated to be 17,423 

tCO2eq, and the resulting daily GHG emissions are 2.39 tCO2eq. 

 

Energy Production Phase and Operation Phase 

 

The energy production phase GHG emissions analysis is based on 

previous studies [24, 27] of life-cycle assessment of electrical power 

production. Three different power-plant energy sources are 

considered in this study: coal, natural gas and distillate oil. Because 

coal-fired power plant GHG emissions can vary by location, a 

power plant located in Iowa has been assumed in this analysis. The 

phases of coal-fired power-plant life cycle include coal mining, coal 

preparation/cleaning, all necessary transportation of coal to power 

plant, and electrical grid power production. GHG emissions of 

different life phases of the assumed coal power plant are shown in 

Table 1. 

A natural gas-fired power plant life cycle includes natural gas 

extraction, natural gas pretreatment, natural gas pipeline 

transportation, and electrical grid power production [27]. GHG 

emissions during different life cycle phases of a natural gas-fired 

power plant are shown in Table 2. 

Because the distillate oil-fired power plant GHG emissions factor 

is highly site-specific, a reasonable value of 0.778 tCO2eq/MWh 

based on a previous study [28] was assumed. To confirm the 

applicability and use of this factor, it was compared with the US 

Energy Information Administration (EIA) database [29]. 

In summary, a (bituminous) coal-fired power plant in Iowa has a 

GHG emission factor of 0.99 tCO2eq/MWh; a natural gas-fired 

power plant has a GHG emission factor of 0.42 tCO2eq/MWh, and a 

distillate oil (No.2) power plant GHG has an emission factor of 0.78 

tCO2eq/MWh. 

To determine the amount of energy required to melt a 2.5 cm 

thick snow cover, the following equation for calculating the required 

pavement heat output (qo) in Btu/h∙ft2 was applied [30]: 

( )qo qs qm Ar qe qh                                 (3) 

where qs = sensible heat transferred to the snow (Btu/h∙ft2), qm = 

heat of fusion (Btu/h∙ft2), Ar = ratio of snow-free area to total area 

(dimensionless), qe = heat of evaporation (Btu/h∙ft2), and qh = heat 

transfer by convection (Btu/h∙ft2). 

The energy demand (qo) was estimated to be 205 Btu/h∙ft2 

(2.5×105 J/h∙m2) for snow removal. Approximately 20% back and 
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Table 1. GHG Emissions from Coal-fired Power Plant. 

Life Cycles of Coal Power Plant GHG Emission Factor (tCO2eq/MWh) Percentage (%) 

Surface Mining1 7.0×10-3 0.70 

Coal Washing2 1.0×10-4 0.01 

Coal Transportation 
Shipping3 1.0×10-1 10.1 

Railway4 2.6×10-4 0.03 

Grid Electricity Production5 8.8×10-1 89.2 

Whole Life Cycle 9.9×10-1 100 
1 Illinois No. 6 coal as an example; electricity demand: 0.0143 MWh/t of coal; diesel oil demand: 269 m3/MMT of coal; transportation of 

diesel oil GHG emission: 2.7 kgCO2eq/L; 0.54 kg coal/kWh electricity produced [22-24]. 
2 Jig washing is the technique used in this LCA [22]. 
3 Distance from mining to power plant: 434 km; GHG emission: 0.43 kgCO2eq/t·km [25]. 
4 Distance from mining to power plant: 48 km; GHG emission: 0.01 kgCO2eq/t·km [25]. 
5 Data from US Energy Information Administration EIA-1605 is used [26] 

 

Table 2. GHG Emissions from Natural Gas-fired Power Plant.  

Life Cycles of Coal Power Plant GHG Emission Factor (tCO2eq/MWh) Percentage (%) 

Natural Gas Extraction1 4.3×10-3 1.01 

Natural Gas Pretreatment and Transportation2, 3 9.9×10-5 0.03 

Grid Electricity Production4 4.2×10-1 99.0 

Whole Life Cycle 4.2×10-1 100 
1 Natural gas density: 0.7 kg/m3; 2-phases 95%-efficiency compressor is applied, power demand: 4.9×10-3 kw/m3 of natural gas [27]. 
2 Total distance: 482 km by pipeline transportation [25]. 
3 Specific volume of natural gas: 1.49 m3/kg; auxiliary boiler natural gas consumption: 0.16 kg/MWh [27]. 

 

edge losses [31] were assumed in the heat output calculations. 

Because the total area for one runway is 1.67×105 m2, the total 

energy demand to melt 2.5 cm snow is estimated to be 452 million 

kJ. Using the geothermally-heated pavement model discussed above, 

there is a demand of 263 heat wells and each heat well is 152 m 

deep. The energy supplied by the geothermal vertical loop can be 

calculated using the following equation [32]: 

)(00095.0 TcpmPE                           (4) 

where E = energy supply (J/h), m = mass flow rate of water (9.200 

t/h), cp = specific heat of water (4.18 J/g∙°C), ∆T = outlet water 

temperature - inlet water temperature (10°C assumed), P = energy 

loss from PE (cross-linked polyethylene) pipes, soil, and concrete 

slab (80% assumed). 

Therefore, 263 heat wells can supply about 8.1×107 kJ/h. The 

energy required to melt 2.5 cm of snow on a 1.67×105 m2 runway 

section is 4.5×108 kJ with an operational time of 5.56 hours. To 

pump 2.5×10-3 m3/s of water through a 152 m deep heat well, the 

pump power requirement can be calculated as: 

3960HQHp                                       (5) 

where Hp = horse power of each pump, Q = flow rate (151 liter/h), 

and H = depth of heat well (152 m). 

The horsepower demand for each pump is 5.05 Hp, or 3,768 

watts. Because 263 heat wells would require 263 pumps, the 

required energy is 5,522 kWh to melt 1.67×105 m2 of 2.5 cm-depth 

snow in 5.56 hours. The GHG emissions resulting from the use of 

electricity produced by a coal-fired power plant, a natural gas-fired 

power plant, and a distillate oil-fired power plant are 5.43 tCO2eq, 

2.32 tCO2eq, and 4.30 tCO2eq, respectively. 

Traditional Snow-removal System Model and Life Cycle  

 

Based on the FAA snow-removal standard [1], snow-clearing time 

for each runway at a commercial service airport whose annual 

airplane operations exceed 40,000 in number should be limited to 

0.5 hours. Snow plows, snow brooms, snow blowers and chemical 

deicer trucks are the assumed snow removal equipment units to be 

used in removing 2.5 cm of snow from a runway in this study. 

Snow-removal equipment is assumed to operate at a speed of 32 

km/h, and the traditional snow-removal strategy assumed in this 

study is as follows: a snow-plow is run to move the snow to the side 

(it is assumed that 6 snow plows and 6 snow brooms with a 8,600 

kW total engine power will be employed), followed by two snow 

blowers with a total engine power of 1,640 kW and two chemical 

sprayers with a total engine power of 1,200 kW to spray deicer on 

the runway to prevent snow formation. 

One of the major differences in life cycle phases between the 

GHPS and a traditional snow-removal system is the waste-treatment 

phase required during the traditional snow-removal system 

life-cycle phase. Because chemical deicer is used in snow 

equipment application, the resulting polluted water must be treated 

in a wastewater treatment plant, contributing considerable GHG 

emissions to the system life cycle. It is assumed that the traditional 

snow-removal system is operated over a conventional PCC 

pavement, and that diesel oil is used for snow-removal equipment 

operation. The system boundary for the traditional snow-removal 

system operation life cycle considered in this study is shown in Fig. 

3. 

 

Construction Materials Production Phase and Construction 

Phase 
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The PCC pavement construction materials production phase 

includes only the pavement construction materials manufacturing 

process. In this study, PCC pavement concrete applied in a 

traditional snow-removal system runway is assumed to be identical 

to the concrete used in GHPS, so the GHG emissions are estimated 

to be 1.7×104 tCO2eq. The GHG emissions from the PCC pavement 

construction phase are estimated to be 338 tCO2eq, similar to the 

construction phase estimate for the GHPS. 

 

Energy Production Phase and Operational Phase 

 

Diesel fuel is assumed to be the only energy source used for 

snow-removal equipment. The emission factor for fuel extraction is 

0.022 tCO2eq/MWh, and for petroleum is 3.35 kWh/L, so the GHG 

emission factor is 0.0737 t/m3. Since fuel consumption is 231.06 L, 

the total GHG emissions from the fuel extraction phase of the 

traditional snow-removal system life-cycle are estimated to be 0.017 

tCO2eq. To calculate the amount of diesel fuel used by 

snow-removal equipment in removing 2.5 cm of snow and thereby 

estimate the GHG emissions, Eqs. (1) and (2) were used to calculate 

GHG emissions from heat-well drilling, so removal of a 2.5 cm 

deep snow layer in 0.5 h from about 1.67×105 m2 of runway area 

requires six snow plows, six snow brooms, two snow blowers and 

two chemical sprayers; the GHG emissions resulting from snow 

removal operations are thus 0.62 tCO2eq/day. 

 

Waste-treatment Phase 

 

At an ambient temperature of -21°C on a freezing rainy day, the 

potassium acetate deicer demand is approximately 11 liters per 93 

m2 runway for melting 2.5 cm of snow [34]. The total potassium 

acetate demand is about 20,000 liters, and 90% of the de-icing 

wastewater is assumed captured [33]. The concentration of the 50% 

potassium acetate component is 7.8×10-4 t/L [34], so the Chemical 

Oxygen Demand (COD) content of potassium acetate deicer can be 

calculated as: 

 

)/(

)/(

)(

2 molegW eightMolecularOThOD

gmoleW eightMolecularChemical

lbsChemtcallbsCOD







      (6) 

where the ThOD (Theoretical Oxygen Demand) of potassium 

acetate is 0.92 mole/g, the Potassium acetate molecular weight is 

0.01 mole/g, and the O2 molecular weight is 32 g/mole [35]. 

The total wastewater COD is 4.2 t. The airport runway 

wastewater is assumed to be treated by the nearest city wastewater 

treatment plant that uses an aerobic biological treatment, and a value 

of 1×10-3 kWh electricity demand per t COD is assumed for such 

treatment [36]. Therefore, the total electricity demand for deicer 

wastewater treatment will be about 4,202 kWh. With respect to the 

GHG emission factors of the power plant, the GHG emissions of 

wastewater treatment are estimated to be 5.83 tCO2eq from 

coal-fired plants, 2.85 from natural gas-fired plants, and 4.74 from 

distillate-oil-fired power plants.  

 

Comparison of Results and Discussion 

 

The GHG emissions from both snow-removal systems to remove 

2.5 cm of snow on a freezing rainy day are summarized in Table 3 

and Table 4, respectively. Energy production and construction 

materials production are two phases that release more GHG 

emissions than other life-cycle phases in both snow-removal 

systems. The GHG emissions from the operational phase are not 

included in Table 3 since they are already accounted for in the 

energy production phase (electrical power is consumed during the  

 

 
Fig. 3. System Boundary of Traditional Snow Removal System. 
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operation of the GHPS). Similarly, GHG emissions from the 

waste-treatment phase are not included in Table 4 since they are 

already accounted for in the energy production phase (electricity is 

consumed during deicer wastewater treatment). However, 

operational-phase GHG emissions are separately presented in Table 

4 since diesel fuel is consumed during the operation of 

snow-removal equipment and this has not been accounted for in 

other life cycle phases of the traditional snow-removal system.  

Based on the assumptions made in this study, the total GHG 

emissions from GHPS appear to be less than the GHG emissions 

using a traditional snow-removal system to remove 2.5 cm of snow 

from an airport runway on a freezing rainy day. High GHG emission 

from a traditional snow-removal system is caused mainly by the 

deicer wastewater treatment. An increase in snowfall, of course, 

requires more deicers for the same area. GHPS can solve the 

problem caused by using a deicer to remove snow from the runway.  

The GHG emissions from both types of snow-removal systems 

are slightly higher if coal and distillate oil are used as power-plant 

energy sources; the GHG emissions, however, are reduced when 

electrical power to operate the GHPS and the deicer wastewater 

treatment of a traditional snow-removal system is obtained from a 

natural gas-fired power plant. 

 

Some Implications for Practice: Use of GHPS in 

Airport Gate Areas 

 

The use of GHPS on airport gate areas, compared to use on 

runways/taxiways, has gained more attention from airport 

authorities such as the U.S. Federal Aviation Administration (FAA), 

especially because traditional snow-removal equipment has 

difficulty in accessing such areas when a flight remains at a gate; in 

such a situation, before performing snow-removal operations, some 

on-ground maneuvering of the aircraft is required because of the 

presence of snow-clearing crews. This type of operation on slippery 

pavement surfaces has the potential to cause accidents involving the 

snow-clearing crew (such incidents have been reported by some 

airports) as well as economic penalties. Considering the potential 

benefits of using GHPS in airport gate areas, an environmental 

impact assessment study focusing on the use of GHPS in airport 

gate area was carried out.    

GHG emissions from the use of GHPS in airport gate areas were 

estimated using procedures and assumptions similar to those used in 

estimating GHG emissions from airport runaway areas. Table 5 

summarizes the GHG emission estimates for each life-cycle phase 

considered in this study for the use of GHPS in airport gate areas. 

Assuming about 1,700 m2 of gate area, about 95 times less than that 

of the runway area, about 0.025 tCO2eq/day of GHG emissions can 

be estimated from pavement construction materials manufacturing, 

about 6×10-5 tCO2eq/day of GHG emissions from PE pipe 

manufacturing, and less than 1×10-3 tCO2eq/day of GHG emission 

for the construction phase. To melt 2.5 cm of snow on a 1,700 m2 

gate area, 4.9×106 kJ of energy is required to operate15 well pumps 

in 15 bore holes. To produce this energy requirement, the estimated 

GHGs are 0.057 tCO2eq/day from a coal-powered plant, 0.024 

tCO2eq/day from a natural gas-powered plant, or 0.045 tCO2eq/day 

from an oil-powered plant.   

Based on GHG emission estimates for each life-cycle phase in the 

use of GHPS in the airport gate area, the estimated total GHG 

emissions are:  

 

 

Table 3. GHG Emissions from Geothermal Heated Pavement System. 

Life Cycle Phases GHG Emissions (tCO2eq/day) 

Construction Materials Production 
Pavement Construction Materials Manufacturing 23.3×10-1 

PE Pipe Manufacturing 5.9×10-3 

Construction 
Concrete Placement 4.6×10-2 

Heat Well Drilling 5.8×10-3 

Energy Production 

Coal Power Plant 54.6×10-1 

Natural Gas Power Plant 23.2×10-1 

Distillate Oil Power Plant 43.0×10-1 

Total 

Case 1: Energy Generated by Coal Power Plant 78.5×10-1 

Case 2: Energy Generated by Natural Gas Power Plant 47.1×10-1 

Case 3: Energy Generated by Distillate Oil Power Plant 66.9×10-1 

 

Table 4. GHG Emissions from Traditional Snow Removal System. 

Life Cycle Phases (20 Year Time Frame) GHG Emissions (tCO2eq/day) 

Construction Materials Production Pavement Construction Materials ManuFacturing 23.3×10-1 

Construction Concrete Placement 4.6×10-2 

Energy Production 

Diesel Fuel Manufacture 1.7×10-2 

Electricity for 

Wastewater Treatment 

Coal Power Plant 58.3×10-1 

Natural Gas Power Plant 28.5×10-1 

Distillate Oil Power Plant 47.4×10-1 

Operation Snow Equipment Application 6.2×10-2 

Total 

Case 1: Energy Generated by Coal Power Plant 8.2×10-2 

Case 2: Energy Generated by Natural Gas Power Plant 5.2×10-2 

Case 3: Energy Generated by Distillate Oil Power Plant 7.1×10-2 
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Table 5. GHG Emissions from Geothermal Heated Pavement System Applied in Gate Area. 

Life Cycle Phases (20 Year Time Frame) GHG Emissions (tCO2eq/day) 

Construction Materials Production 
Pavement Construction Materials Manufacturing 2.5×10-2 

PE Pipe Manufacturing 6.2×10-4 

Construction  
Concrete Placement 4.9×10-4 

Heat Well Drilling 6.1×10-5 

Energy Production 

Coal Power Plant 5.7×10-2 

Natural Gas Power Plant 2.4×10-2 

Distillate Oil Power Plant 4.5×10-2 

Total 

Case 1: Energy Generated by Coal Power Plant 8.3×10-2 

Case 2: Energy Generated by Natural Gas Power Plant 5.0×10-2 

Case 3: Energy Generated by Distillate Oil Power Plant 7.1×10-2 

 

 Case 1: 0.083 tCO2eq/day for energy generated by a 

coal-powered plant,  

 Case 2: 0.05 tCO2eq/day for energy generated by a natural 

gas-powered plant, and  

 Case 3: 0.071 tCO2eq/day for energy generated by a distillate 

oil-powered plant. 

All these GHG emission estimates for GHPS in the airport gate 

area are about 100 times less than those for GHPS (See Table 3) and 

traditional snow-removal strategies (See Table 4) in airport-runway 

applications. These results indicate that the use of GHPS in selected 

airport areas such as airport gate areas (as opposed to runways) offer 

far greater sustainability benefits, in terms of improved airport 

ground crew safety, cost-effectiveness, and reduced environmental 

impact.      

The efficiency of geothermal energy could be defined as a 

coefficient of performance (COP) of geothermal heat pump, a ratio 

of heat energy provided to electrical energy consumed. Thus, 

geothermal heat pumps with lower COPs consume more energy 

than the ones with higher COPs. The COP of geothermal heat pump 

utilized in this study is 1. In order to give airport managers a more 

informed evaluation of geothermal heated pavement system applied 

in different geothermal energy locations, a sensitivity analysis of 

COP of geothermal heat pump was conducted and summarized in 

Table 6. The COP values investigated in the sensitivity analysis are 

1, 1.5, 2, 2.5, 3, and 3.5. A GHPS with a COP of 1.0 can produce 

about twice as much GHG as a GHPS with a COP of 3.5. These 

results demonstrate that by improving the efficiency of geothermal 

energy, it may be possible to achieve reduced GHG emissions. 

 

Conclusions and Recommendations 

 

This study was carried out to assess and compare GHG emissions 

from GHPS and traditional snow-removal systems. A partial 

process-based LCA approach was adopted in this study with the 

specific goal of carrying out a comparative assessment of the GHG 

emissions from GHPS and traditional snow-removal systems. 

Several simplifying assumptions were necessary because of lack of 

publicly available data. Overall findings (subject to the scope and 

specific assumptions made in this study) and future 

recommendations are summarized below.  

 

Findings 

 

Table 6. Sensitivity Analysis of GHG Emissions from Geothermal 

Heated Pavement System with Various Coefficient of Performance 

(COP) Values  

COP of Geothermal 

Heat Pump 

Energy Source of 

Power Plant 

GHG Emissions 

(tCO2eq/day) 

1.0 

Coal 8.3×10-2 

Natural Gas 5.0×10-2 

Distillate Oil 7.1×10-2 

1.5 

Coal 6.4×10-2 

Natural Gas 4.2×10-2 

Distillate Oil 5.6×10-2 

2.0 

Coal 5.5×10-2 

Natural Gas 3.8×10-2 

Distillate Oil 4.9×10-2 

2.5 

Coal 4.9×10-2 

Natural Gas 3.6×10-2 

Distillate Oil 4.4×10-2 

3.0 

Coal 4.5×10-2 

Natural Gas 3.4×10-2 

Distillate Oil 4.1×10-2 

3.5 

Coal 4.2×10-2 

Natural Gas 3.3×10-2 

Distillate Oil 3.9×10-2 

 

 A GHPS produces lower GHG emissions than a traditional 

snow-removal system in removing 2.5cm of snow from an 

airport runway.  

 An LCA of GHPS in an airport-runway application 

demonstrates that most of the associated GHG emissions are 

released during the energy production and construction 

materials production phases.  

 A relatively high amount of GHG emissions result from the 

large amount of energy required to extract sufficient 

geothermal energy for melting snow from large runway areas 

(1.67×105 m2 in this study). Therefore, if the efficiency of 

geothermal energy extraction were to be improved, a 

geothermally-heated pavement system could reduce GHG 

emissions and result in improved viability from an 

environmental perspective.    

 The independent LCA carried out for the airport gate area 

shows that the GHG emission from GHPS is about 100 times 

less than the emission from a similar system used on a runway, 

so the use of a geothermally-heated pavement system in an 



Shen et al. 

Vol.8 No.4 Jul. 2015                                              International Journal of Pavement Research and Technology  241 

airport gate area not only has less environmental impact, but 

also overcomes a number of problems associated with 

removing snow from gate areas using mechanical equipment, 

environmental pollution caused by use of chemicals, and 

safety issues involving snow-clearing ground crews on cold 

winter days. 

 The deicer wastewater treatment phase accounts for the 

majority of GHG emissions when using a traditional 

snow-removal system. 

 

Recommendations 

  

 Based on assumptions and calculations for a 

geothermally-heated pavement heated pavement system, most 

of the GHG releases occur during the operational phase, so 

system equipment sizing and choice of energy source can be 

critical in enabling geothermally-heated pavement systems to 

be more environmental-friendly. 

 Since the use of GHPS in airport paved surfaces represents a 

relatively new application, a there exists only a sparse amount 

of data for conducting a full-fledged LCA. As more data 

becomes available, a detailed LCA could be conducted to gain 

further insight into sustainability benefits and other impacts 

associated with the use of GHPS.   

 Future studies should focus on differences in weather 

conditions, snow-removal equipment and strategies, and other 

potential factors that might influence GHG emissions 

produced by both systems. 

 

Acknowledgements 

 

This paper was prepared from a study conducted at Iowa State 

University under Federal Aviation Administration (FAA) Air 

Transportation Center of Excellence Cooperative Agreement 

12-C-GA-ISU for the Partnership to Enhance General Aviation 

Safety, Accessibility and Sustainability (PEGASAS). The authors 

would also like to thank the former project Technical Monitor, Mr. 

Donald Barbagallo, and the current project Technical Monitor, Dr. 

Charles A. Ishee, for their invaluable guidance on this ongoing 

study. 

Although the FAA has sponsored this project, it neither endorses 

nor rejects the findings of this research.  The presentation of this 

information is in the interest of invoking comments by the technical 

community on the results and conclusions of the research. 

 

References 

 

1. Federal Aviation Administration (2012). Airport Winter Safety 

and Operations, Publication FAA 150/5200-30C, U.S. 

Department of Transportation, Washington, DC, USA. 

2. Amsler, D.E. (2014). Snow and Ice Control 2014 [Internet]. 

Cornell Local Roads Program, Publication CLRP No. 13-04, 

New York: LTAP Center, New York, USA. [cited 2014 July 

29]. Available from: 

http://www.clrp.cornell.edu/workshops/manuals/snow_and_ic

e_control.pdf.  

3. Subsequent Distribution Office (2001). Airside Use of Heated 

Pavement Systems. Publication FAA 150/5370-xx, U.S. 

Department of Transportation. Washington, DC, USA. 

4. Kreith, F. and Goswami, D.Y. (2008). Energy Management 

and Conservation Handbook, CRC Press, Boca Raton, FL, 

USA.  

5. Rafferty, K. (1997). An Information Survival Kit for the 

Prospective Residential Geothermal Heat Pump Owner 

[Internet], US-OR: GHC Bulletin. [cited 2014 May 26]. 

Available from: 

http://geoheat.oit.edu/bulletin/bull18-,2/art1.pdf.  

6. ICAX™. (2007). Mean Annual Air Temperature – MATT 

[Internet], London, UK. [cited 2014 July 29]. Available from: 

http://www.icax.co.uk/Mean_Annual_Air_Temperature.html.  

7. Board on Atmospheric Sciences and Climate (BASC) (2011). 

Division on Earth and Life Studies (DELS) and National 

Research Council, America's Climate Choices, The National 

Academies Press. Washington, DC, USA. 

8. Intergovernmental Panel on Climate Change (2007). Direct 

Global Warming Potential [Internet], Switzerland: IPCC 

Fourth Assessment Report: Climate Change, Geneva 2, 

Switzerland. [cited 2014 July 22]. Available from: 

http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-1

0-2.html.  

9. Lu, J., Vechhi, G.A., and Reichler, T. (2007). Expansion of the 

hadley cell under global warming, Geophysical Research 

Letters, 34(6), pp. 1-5.  

10. Scientific Applications International Corporation (SAIC) 

(2006). Life cycle assessment: principle and practice, US-VA: 

Environmental Protection Agency, Contract No. 68-C02-067, 

Tysons Corner, Virginia, USA. 

11. Melissa, M.A. (2007). Hybrid Life Cycle Assessment Model 

for Construction Processes [Internet], US-PA: Doctoral 

Dissertation, University of Pittsburgh, Pittsburgh, PA, USA. 

[cited 2014 July 29]. Available from: 

http://d-scholarship.pitt.edu/8065/1/bilec_July_11_2007_7.pdf 

12. Federal Aviation Administration (2011). Airside use of heated 

pavement systems, Publication FAA 150/5370-17, U.S. 

Department of Transportation. Washington, DC, USA. 

13. Hanson, C.S., Noland, R.B., and Cavale K.R. (2012). 

Life-cycle greenhouse gas emissions of materials used in road 

construction, Transportation Research Record, No. 2287, 

174-181.   

14. Loijos, A. (2014). Life Cycle Assessment of Concrete 

Pavements: Impacts and Opportunities [Internet], US-MA: 

Master Thesis, Massachusetts Institute of Technology, 

Cambridge, MA, USA. [cited 2014 July 29]. Available from: 

http://dspace.mit.edu/bitstream/handle/1721.1/65431/7467652

57.pdf?sequence=1.  

15. Marceau, M., Nisbet, M., and VanGeem, M. (2006). Life 

Cycle Inventory of Portland Cement Manufacture [Internet], 

Washington DC: Portland Cement Association, Washington, 

D.C., USA. [cited 2014 July 29]. Available from: 

http://www.nrmca.org/taskforce/item_2_talkingpoints/sustaina

bility/sustainability/sn2095b%20-%20cement%20lci%202006.

pdf.  

16. Zapata, P. and Gambatese, J.A. (2005). Energy consumption 

of asphalt and reinforced concrete, Journal of Infrastructure 

http://www.nap.edu/authors.php?author=BASC
http://www.nap.edu/authors.php?author=DELS
http://www.nap.edu/openbook.php?record_id=12781&page=1


Shen et al. 

242  International Journal of Pavement Research and Technology                                                          Vol.8 No.4 Jul. 2015 

Systems, 11(1), pp. 9-20. 

17. Mukherjee, A. and Cass, D. (2011). Carbon Footprint for 

HMA and PCC Pavements [Internet]. Office of Research & 

Best Practices, US-MI: Michigan Department of 

Transportation, MI, USA. [cited 2014 July 29]. Available from: 

http://www.michigan.gov/documents/mdot/MDOT_Research_

_Report_RC-1553_363800_7.pdf.  

18. Chehovits, J. and Galehouse, L. (2014). Energy usage and 

greenhouse gas emissions of pavement preservation processes 

for asphalt concrete pavements [Internet], Compendium of 

Papers from the First International Conference on Pavement 

Preservation TRB, Berkeley, CA, USA. [cited 2014 July 29]. 

Available from: 

http://www.techtransfer.berkeley.edu/icpp/papers/65_2010.pdf 

19. Carolin, S., Vanderreydt, I., Vercalsteren, A., and Boonen, K. 

(2011). Life Cycle Assessment of a PE Pipe System for Water 

Distribution (according to EN 12201) [Internet], Brussels 

Belgium: European Plastic Pipes and Fittings 

Association-TEPPFA, Brussels, Belgium. [cited 2014 July 29]. 

Available from: 

http://www.bureauleiding.nl/kennisdossier/Milieu%20Product

%20Verklaringen/EPD/PE-Thirdpartyreport-June2011.pdf.  

20. Kecojevic, V. and Komljenovic, D. (2001). Impact of 

bulldozer’s engine load factor on fuel consumption, CO2 

emission and cost, American Journal of Environmental 

Sciences, 7(2), pp. 125-131. 

21. Environmental Protection Agency. (2005). Average Carbon 

Dioxide Emissions from Gasoline and Diesel Fuel, 

Washington, DC: Publication EPA420-F-05-001. Washington, 

DC, USA. 

22. Spath, P.L., Mann, M.K., and Kerr, D.R. (1999). Life Cycle 

Assessment of Coal-Fired Power Production [Internet], 

Golden, CO: NREL/TP-570-25119. [cited 2014 July 29]. 

Available from: http://www.nrel.gov/docs/fy99osti/25119.pdf. 

23. CDM-Executive Board (2014). Clean Development 

Mechanism Project Design Document Form [Internet], Bonn, 

Germany: CDM-SSC-PDD Version 03, Bonn, Germany. 

[cited 2014 July 29]. Available from: 

http://www.dnv.com/focus/climate_change/Upload/DNV_Ver

s%C3%A3o%20Ingl%C3%AAs_PDD%2001_Ecobio_20mar.

pdf. 

24. Energy Information Administration (2014). How Much Coal, 

Natural Gas, or Petroleum Is Used to Generate A Kilowatthour 

of Electricity? [Internet], EIA FAQ, Washington, D.C., USA. 

[cited 2014 June 9]. Available from: 

http://www.eia.gov/tools/faqs/faq.cfm?id=667&t=6.  

25. Chen, G., Chen, B., Zhou, H., and Dai, P. (2013). Life cycle 

carbon emission flow analysis for electricity supply system: A 

case study of China, Energy Policy, 61, pp. 1276-1284. 

26. Energy Information Administration (2007). Electricity 

Emission Factors, Publication EIA-1605, OMB No. 

1905-0194. Washington, DC, USA. 

27. National Energy Technology Laboratory (2000). Life Cycle 

Analysis: Natural Gas Combined Cycle (NGCC) Power Plant, 

Publication DOE/NETL-403/110509, Pittsburgh, PA, USA. 

28. Gagnon, L., Belanger, C., and Uchiyama, Y. (2002). Life cycle 

assessment of electricity generation options: The status of 

research in year 2001, Energy Policy, 30, pp. 1267-1278. 

29. Energy Information Administration (2014). How Much 

Carbon Dioxide Is Produced Per Kilowatthour When 

Generating Electricity With Fossil Fuels? [Internet], EIA FAQ, 

Washington, D.C., USA. [cited 2014 June 9]. Available from: 

http://www.eia.gov/tools/faqs/faq.cfm?id=74&t=11.  

30. Chapman, W.P. (1952). Design of snow melting systems.  

Heating and Ventilating, (April): pp. 95 and (November): p. 

88. 

31. American Society of Heating (2003). Refrigerating and 

Air-Conditioning Research, 2003 ASHRAE Handbook: 

HVAC Applications IP Edition, Atlanta: ASHRAE Engineers, 

Inc. Atlanta, GA, USA. 

32. Ozyurt, O. and Ekinci, D.A. (2011). Experimental study of 

vertical ground source heat pump performance evaluation for 

cold climate in Turkey, Applied Energy, 88, pp. 1257-1265. 

33. Environmental Protection Agency (2014). Airport Deicing 

Effluent Guidelines [Internet], US EPA, Washington, DC, 

USA. [cited 2014 February 6]. Available from: 

http://water.epa.gov/scitech/wastetech/guide/airport/index.cfm.  

34. CRYOTECH (2014). Potassium acetate-liquid runway deicer 

[Internet], CRYOTECH ISO 9001:2000 Certified Company, 

Fort Madison, IA, USA [cited 2014 February 6]. Available 

from: http://meltsnow.com/pdf/potassium-acetate.pdf.  

35. National Center for Biotechnology Information (2014). 

Potassium Acetate [Internet]. NCBI, U.S. National Library of 

Medicine, Bethesda, MD, USA. [cited 2014 June 16]. 

Available from: 

http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=

517044.  

36. Geest, V.J. and Kiechle, C. (2010). Anaerobic Wastewater 

Treatment [Internet]. Brewing and Beverage Industry No1, 

Celle, Germany [cited 2014 June 9]. Available from: 

http://www.berkefeld.com/berkefeld/ressources/documents/1/2

3010,EN_VWS_Biothane_Aquantis_Brewing-B.pdf. 

 

 


