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Abstract — Snowfall and ice formation on road surface significantly impact the safety of
driving conditions. To resolve this, every year salt and de-icing chemicals are sprinkled on
roads. However, use of salts and snow ploughing have environmental as well as economical
disadvantages. To resolve these problems, hydronic road heating systems are valid
alternatives. Heat transfer fluid, i.e. mixture of ethanol and water, is pumped into a tubular
circulation system under the asphalt. By this technology, the road and pavements shall stay
ice-free even in times of snowfall and temperatures below the freezing point. The system can
also be used to cool the asphalt in case of extreme heat, which — besides the heating effect —
could also prevent road from damages in extreme summers. This study aims to compare the
environmental impact of use of salts and road-heating system in terms of GHG emissions.
To assess the environmental impact, an operational road heating system for a ramp in
Ingolstadt, Germany, is considered. A cradle-to-grave analysis technique is used to determine
the environmental effects based on a life-cycle assessment (LCA) framework. The analysis
includes nine components solemnly responsible for hydronic heating of asphalt surface such
as local heating pipe, insulation, pumps, and heat meters. Comparison is performed in terms
of relative and total impact over 50-year lifetime of three heated ramps having 1989 m?
surface area in total. The results show that the asphalt and heating-circuit causes the major
fraction (65 %) of overall GHG emissions, with total life-time emissions of
28.10 kg CO: eq./m? of heated surface. During an operational life of 50 years, road heating
systems emit 18 % less COz eq./m? as compared to the use of salts.

Keywords — Environmental performance; de-icing; hydronic road-heating system (HRS);
greenhouse gases (GHG); Life cycle assessment (LCA); snow removal

Nomenclature

A Area of hydronic road heating system m?

EN European norms -

Ecoz Carbon dioxide equivalent emissions per kg of salts kg CO2 eq.
GWP Global warming potential -

GWPr Total global warming potential kg CO2 eq.
GWPAa Annual global warming potential kg CO: eq.
GHG Greenhouse gases -

HRS Hydronic road-heating system -

ISO International organization for standardization -
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LCA Life cycle assessment -
Ms Mass of salt to be used for de-icing kg
SL Service life of hydronic road heating system years

1. INTRODUCTION

Since the Paris Agreement, all signatories are putting special efforts into reducing the
carbon equivalent emissions [l1]. EU programs and regulations on environmental
sustainability, protection and pollution abatement are seen as an unprecedented attempt to
tackle climate change on a larger scale [2].

The use of salts and mechanical snowploughs is the most conventional method to eliminate
snow accumulation on roads. Despite the low operational costs, chemical de-icing agents are
harmful to the environment, whereas mechanical snowploughs are time-consuming [3] and
require expensive maintenance. In the last decades, the hydronic road-heating system (HRS)
was proposed as alternative snow melting method to prevent the build-up of snow and ice on
roads [4], especially on slopes, bends and bridges [5] in cold regions. HRS is preferred in
several cases, because it is more reliable, potentially cost-effective and environmental-
friendly [6]. Differently from electric snowmelt systems, the HRSs are available to utilize
different energy sources: geothermal energy, district heating, or solar energy, and in some
cases, they are also combined with thermal storage [7]. A review conducted by Lund and
Boyd [8] states that in 2015, an area of 2 500 000 m? world-wide was heated by HRS utilizing
geothermal energy, with required power of 130-180 W/m? [8]. In addition, standalone heating
solutions can be found, particularly in airports [9]-[12], and bridge decks [13]. Despite
widespread applications around the globe, strong optimization potentials of HRS are evident
in terms of specific working parameters. This study sets a focus on the environmental impacts
of HRS in terms of greenhouse gas (GHG) emissions. To determine the environmental
performances associated with all life stages of components of HRS, a life cycle assessment
(LCA) framework is implemented. The case of a road system in Ingolstadt, Germany,
constituted of three ramps with HRS for a total surface of ca. 2000 m? is analysed and
discussed. Positive and negative aspects are compared with the corresponding use of road
salts and supporting equipment over the 50-year lifetime of HRS.

2. STATE OF TECHNOLOGY

The principle of thermal activation has been used in rail transport for decades to heat
railway switches in order to avoid freezing in winter and to maintain the complex rail traffic.
Installing snowmelt systems to prevent the build-up of ice on drive- and walkways is not a
new method either. In 1948, the earliest system was installed in Klamath Falls in Oregon,
USA by Oregon Highway Department. The source of energy in this system was geothermal
hot water directly pumped into heating system. This system failed after 50 years of working
due to external corrosion of the steel pipes [14].

Generally, main heat sources for snowmelt systems are electric resistance heat and warm
fluids obtained with geothermal heat or conventional combustion processes. In hydronic
systems, the warm fluids are carried by pipes, which are installed close to the surface. Fig. 1
shows a schematic representation [15] of a hydronic road-heating system (HRS).
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Fig. 1. Schematic of hydronic road heating system.

Apart from different control systems, road heating systems also differ in terms of pipe-
register materials, laying patterns of pipes and heat exchange fluid. Rigid materials such as
iron or steel have been used in some projects, but they are more vulnerable to corroding
related damages. Flexible polymers, such as polyethylene and polybutylene, are convenient
materials for pipes and have additional benefits, i.e., they can be laid into spiral or double-
spiral patterns for extended thermal density. Initially, pure water was used as heating transfer
fluid, but nowadays, a mixture of water with the alcohols having low freezing points are used:
—98 °C is the melting point of methanol, while ethanol becomes solid at —114 °C and
propylene glycol at —59 °C. Vertical ground heat exchanger or gravity-operated eat pipes
represent another established type of hydronic heat system. They consist of a sealed tube
which contains a refrigerant with a low condensation point, normally ammonia (melting point
at =78 °C). The lower end of the pipe acts as evaporator while the upper portion serves as the
condenser [16]. The evaporation and condensation processes create the driving pressure
potential that is required to transport the vapour upward, while the condensate returns due to
gravity in the slightly slanted condenser to the vertical evaporator.

Heat pipes are bound to special construction methods due to their mode of operation.
Straight steel pipes or condenser combs are used as installation patterns. Geothermal energy
is used almost exclusively as the heat source. Older heat pipe systems were operated with the
coolant Freon, which was replaced by ammonia after the ban on chlorofluorocarbons, which
were the most established coolants for heat pipes. Recent studies [17] are also looking at the
use of liquid CO,. In conclusion, the current studies on temperature-controlled asphalt
surfaces [14] suggest that temperature-controlled surfaces have great potential, but
optimization in design, testing, installation, maintenance, and long-term stability are urgent
requirements. While the costs for implementation and heat supply can be decisive for
realizing many potential HRS applications, environmental considerations are of increasing
interest for road-de-icing. In order to shed a light on one core aspect of environmental
performance, subsequently the carbon footprint of such systems is evaluated in detail.
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3. EXPERIMENTAL METHODOLOGY

Life-cycle assessment (LCA) is a methodology for quantitative analysis of environmental
impacts associated with the stages to realize a product. It is an evaluation technique used for
analysis of impacts and resource consumption of a system through its entire life cycle, starting
from raw material extraction and ending at ultimate disposal [18]. The International
Organization for Standardization (ISO) provides principles, framework, requirements, and
guidelines to complete LCAs through ISO 14040:2006 and ISO 14044:2006 [19]. Generally,
LCA is structured in four main steps, as shown in Fig. 2.

/ 1. Goal and \
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2. LC Inventory Interpretation
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3. LC Impact
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Fig. 2. Schematic structure of life cycle assessment [18].

3.1. Goal and scope definition

As the basis of LCA, firstly the goal and scope are defined. This phase mainly involves
determination of: 1) system boundary conditions, 2) functional unit and 3) analysis
period [18]. In this step, assumptions and limitations of evaluation are defined.

The goal of this work is to assess the global warming potential (GWP) associated with HRS
based on a case study, and to compare it to alternative choices.

System boundary specifies the life stage processes which are to be included within the
framework of LCA. Therefore, the system boundaries include all significant life-cycle stages
and cover the extraction of raw material, production and transportation of materials, their
installation in the road structures and use of the construction [20]. The situation after the
service life of material can also be included in the analysis if there is recovery and reuse
application for the specific material. Table 1 shows the life cycle modules according to the
(European norms) EN-17472 [21] and EN-15804 [22] standards.

All the stages of materials contain information about the processes and activities performed
during the life cycle of road heating system. In the context of this study, CO, emission
information from four stages of life cycle has been collected [23]. Table 2 enlists all the
relevant activities and processes.

1047



Environmental and Climate Technologies

2022/26
TABLE 1. STANDARD LIFE CYCLE ANALYSIS MODULES [21], [22]
Product Stage Construction Process  Use Stage End of Life Stage Potential Benefits & Loads
Raw material supply Transport Service Deconstruction Recycling potential
Transport Installation process Maintenance  Transport Reuse
Manufacturing Construction Repair Waste processing Recovery
Extraction - Replacement  Disposal -
- - Refurbishment — -
- - Energy use - -

For assessment of operational performance, a time period has to be specified. The analysis
period refers to the operational span of product/process and is set 50 years.

TABLE 2. RELEVANT ACTIVITIES AND PROCESSES

Stage Activities and processes Values considered for this study
Raw rngterlal Raw materlal exFractlon, suppl}{, aggregate . Raw material supply, transportation,
extraction and crushing, screening, transportation, processing,

production stage manufacturing manufacturing

Transport of manufactured product, construction,
demolition, installation process, demolition of Construction, installation
existing structures if applicable

Construction/
installation stage

Energy and water consumption, maintenance,
rebuilding, servicing, repairs, operational Maintenance, repairs
equipment, labour costs

Usage/application
stage

Recovery, deconstruction, transport to recycling

o . . Deconstruction, transport, disposal
facility, processing, disposal © ron, port, dispo

End of life stage

The functional unit relates the inputs and outputs of system to define the comparison with
other investigations. Here, the functional unit is defined as de-icing of an asphalt surface area
of 1 m?. We refer to the local conditions in Ingolstadt, Germany.

3.2. Life Cycle Inventory Analysis

The carbon dioxide emission data on respective life stages has been collected in accordance
with the principle defined by ISO 14040:2006 and ISO 14044:2006.

The main focus of inventory analysis is on data collection, compilation, determination of
product or process system boundaries and input allocations. The main types of inventory
analysis include process, input-output and hybrid [18]. The data for relevant life stages
components of HRS in Ingolstadt has been collected from various sources which includes the
previous LCAs, data from manufacturers and installations companies. As reference, a case
study in Ingolstadt is chosen that is depicted in Fig. 3, with a total road surface area of
1989 m?. It is composed of three ramps of same width 3.5 m, but different areas:
ramp A =734 m?, ramp B = 689 m?, ramp C = 566 m>.

3.3. Life Cycle Impact Assessment

The impact assessment is the evaluation of potential impact of process or product.
It classifies the outputs of inventory analysis to understand the environmental sense in terms
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of impact categories such as environmental damage, acidification potential and so on. Three
main phases of impact assessment are:

— Classification;

— Characterization;

— Valuation.

The international standard for life cycle impact assessment, ISO 14042, considers
classification and characterization to be mandatory elements of LCA [24].

In context of the present study, the carbon dioxide emissions corresponding to the labour
works during the installation of system, transportation of labour to the construction site,
cleaning, surveying and measurement works, additional winter maintenance services and
emissions from supporting vehicles is not taken into consideration. Eq. (1) refers to the total
global warming potential (GWPr) of road heating system over the service life (SL).

GWP. =GWP, - SL H
The annual global warming potential (GWP,A) of road heating system is calculated as

follows in Eq. (2), where 4 represents the area to be heated/cleared with salt, Ms is the mass
of salt used per unit area and Eco» indicates the CO» eq. emissions per unit kilogram of salt.

GWP, = A-M;-Ec, (2

Therefore, in the current analysis the following values were used: SL = 50 years and
Ms =1.28 kg/m?. Fig. 3(a) shows the actual ramps A and B in Ingolstadt while Fig. 3(b)
shows the heating circuit pattern before asphalting process.

(@ (b)
Fig. 3. a) Ramp A and ramp B with HRS in Ingolstadt and b) laying pattern of heating pipes during installation.

The collected emissions per material are listed in Table 3. In order to compare the GWP of
HRS with the use of salts as de-icers, the latest data of salt usage in Bavaria, Germany for
winters from 2018 to 2021 has been acquired from Bavarian State Ministry for Housing,
Construction and Transport. Average weather conditions during this period of 4 years refers
to an average high temperature of 24 °C and average low temperatures of —4 °C, while the
warm season last about 3.4 months and the cold season last for about 3.6 months.

Data from Ministry shows that an average of 1.28 kg of salts (sodium chloride NaCl and
calcium chloride CaCl,) per square meter of road surface was applied. The yearly values vary
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as per number of ice and snowfall predictions per year. According to Winnipeg city council,
Canada’s report [25] on CO; equivalent emissions from various industrial chemical, the GWP
of NaCl is 0.2 kg CO; eq. per kg while that of CaCl; is 0.87 kg CO; eq. per kg which refers
to a 0.535 kg CO; eq. per kg when used in 50 % composition each. It is to be noted that the
CO; emissions from the usage state are considered in Table 3. However, no component of
HRS except the controller/heat meters produce any emissions during the usage stage.
The share of emissions from controllers/heat meters during usage stage are shown in Fig. 4.

TABLE 3. RELEVANT CO, EMISSIONS PER COMPONENT LIFE STAGE

Component Type/Material Unit CO; Emissions Source

Production Installation Usage Disposal

Insulation K Flex ST PLUS kg COeq./m* 195.48 18.85 0.00 21.20 [26]
Local heating pipe  UNO SDR11 kg CO,eq/m 0.64 0.15 0.00 0.08 [27]
Heat transfer fluid Geko AF-8 kg CO,eq/L  0.07 0.04 0.00 0.02 [28]
Self-drilling screws Hot-dip galvanized steel kg CO, eq./kg 2.00 0.30 0.00 1.50 [28]
Mounting clamps Hot-dip galvanized steel kg CO,eq./kg 2.00 0.30 0.00 1.50 [28]
Heating circuit PE-Xa kg CO,eq/m 0.64 0.15 0.00 0.08 [27]
Asphalt MA 8S kg CO, eq./m*> 3.54 1.45 0.00 4.99 [28]
Junction box Hot-dip galvanized steel kg CO,eq./kg 2.00 0.30 0.00 1.50 [29]

3.4 Life Cycle Interpretation

Life cycle interpretation is a systematic technique to identify, quantify, check and evaluate
information from the results of the life cycle inventory and/or the life cycle impact
assessment. According to ISO 14040:2006, the interpretation should include:

— Identification of significant issues based on results of inventory and impact analysis;
— Valuation of the study, considering completeness, sensitivity and consistency checks;
— Conclusions, limitations and recommendations.

A key purpose of performing life cycle interpretation is to determine the level of confidence

in the final results and communicate them in a fair, complete and accurate manner [30].

4. RESULTS AND DISCUSSION

The system in Ingolstadt with HRS consists of three separate ramps heated by a central
energy control unit utilizing the waste heat from nearby industrial facility. The control unit
regulates mainly the mass flow rate and the temperature of the fluid into the ramps, depending
on live weather data and forecast from on-site weather stations. Historic weather data of
Ingolstadt from these stations shows that warm season last about 3.4 months with average
high temperature of 24 °C and cold season last for an average with 3.6 months will average
low temperature of —4 °C. The data are concordant with the average weather conditions of
most cities in central Europe, so that the results connected to the local conditions of Ingolstadt
in Germany can be extent and applied to other European places with similar weather
conditions. An ecological heat transfer fluid made by a mixture of water and ethanol is used
in the pipe systems. LCA was performed separately for each ramp. As the distance of the
ramps from the energy control unit is variable, a local heating pipe Rauthermex UNO SDRI1
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75/162 was used with K Flex ST PLUS insulation to minimize the energy losses. LCA of ramp
A includes the emissions from the central control unit (119 kg CO, eq.) and respective heat
meter (89 kg CO; eq.), whereas all other components are kept the same for all ramps. Eight
components are considered: insulation for local heating pipe, local heating pipe, heat transfer
fluid Geko AF-8, self-drilling screws, mounting clamps, heating circuit PE-Xa SDR1 1, mastic
asphalt MA 8S, and junction box. Based on variable heated area (ramp A: 734 m?, ramp B:
689 m?, ramp C: 566 m?), the quantity of components and services is also different.

Table 4 refers to the overall potential impact of components for each ramp. The actual mass
of controller, heat meter, self-drilling screws, mounting clamps and junction boxer is
measured to calculate the potential environmental impact. This concludes the total emissions
of component life stages based on material used in the construction of each ramp.

TABLE 4. POTENTIAL GWP IN KG CO; EQ. PER EACH COMPONENT OF THE THREE RAMPS

Component Quantity Potential GWP (kg CO; eq.)

Unit RampA RampB RampC RampA RampB RampC
Controller & heat meter kg 54.7 - - 208.0 - -
Insulation of heating pipe m 300.0 60.0 320.0 683.1 98.9 3533
Local heating pipe m 600.0 120.0 640.0 522.0 104.4 556.8
Heat transfer fluid L 3465 3270 2735 420.1 396.4 3315
Self-drilling screws kg 1344 123.3 102.0 510.8 468.6 387.6
Mounting clamps kg 448.0 411.0 340.0 1702.4 1561.8 1292.0
Heating circuit m 7310 6 868 5660 6359.7 5975.2 49242
Asphalt m? 734.0 689.0 566.0 7325.4 6876.3 5648.7
Junction box kg 853.6 853.6 711.3 3243.6 32435 2703.0
Total impact 20975.1 18 725.1 16 197.1

Fig. 4 shows the profile of GHG emissions for every ramp as relative impact of each
component during its life stage as presented in Table 4. The graphs were obtained summing
up the data of Table 4. The asphalt layer is assumed to have an operational life longer than
50 years as density of traffic is low on the three ramps. As expected, the total emissions are
directly proportional to the amount of the heated area: however, it is evident in Fig. 4 that the
largest contributors to GHG emission are asphalt works and heating circuit. These two
components, among the eight, contribute to 65 % of overall emissions. Furthermore, it can be
noted that half of the emissions produced by asphalt stem from the disposal/deconstruction
stage, which means that these emissions can be reduced drastically by reusing and recycling
asphalt.

Table 5 enlists the total emissions for every ramp as environmental impact per square meter
(in accordance with the functional unit of the LCA framework) as well as total emissions per
ramp. It is clear from Table 5 that ramp B has lower area-specific emissions. This is explained
by the fact that the central energy control unit is located near ramp B and thus the heating
pipe is shorter and less insulation is required.
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Fig. 4. Total GHG emissions of each contribution during life stages of the HRS of three ramps A—C in Ingolstadt.

Over the service lifetime of 50 years, it is estimated that the Ingolstadt ramps with HRS
will have a total global warming potential GWPr of 55.897-103 kg CO; eq., i.e. a specific
environmental impact of 28.10 kg CO> eq./m?.

In comparison, based on data from the Bavarian State Ministry for Housing, Construction
and Transport and a corresponding life cycle investigation carried out in this study, a total
GWPr of 68.104-10° kg CO; eq. by using salts as de-icers for the same area of 1989 m? over
50 years is calculated. Correspondingly, the emission factor for salts relative to unit area is
34.24 kg CO; eq./m?, which is 18 % higher as compared to the operational HRS in Ingolstadt.
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TABLE 5. CARBON DIOXIDE EQUIVALENT EMISSIONS PER RAMP RELATIVE TO SURFACE AREA
AND OVERALL EMISSIONS PER RAMP

Ramp  Surface area, m’ Relative CO, emissions, kg CO, eq./m>  Overall CO; emissions, 10° kg CO; eq.

A 734 28.57 20.98
B 689 27.17 18.72
C 566 28.61 16.19

In order to implement the presented LCA calculations on other road heating systems, special
care has been put into consideration of only the core components of road heating system that
are actually common in all heating systems. Thus, omitting and not including any site-specific
or location specific components. However, the major limitation of our study is that the
environment impacts of the HRS in Ingolstadt due to maintenance and repair works are not
considered, since over the current lifespan (built in May 2017) no operational problems and
maintenance expenditures have occurred. This restricts the implementation of current study
on HRS which are in operation for longer period and with maintenance issues in terms of
environmental impact. In order to compensate the aforementioned, only life stages of salts
were considered for comparison. The emissions from supporting machinery that is used to
sprinkle the salt every year on roads, emissions from operating personals and miscellaneous
emissions were not considered. This assumption can be deemed realistic as, even if there are
no emissions from maintenance works of HRS, the upper layer of asphalt needs to be replaced
approximately every 7—8 years depending on the physical conditions.

5. CONCLUSION

The environmental impacts of two different road surface de-icing strategies were analysed
and compared: use of salts and de-icing chemicals directly on the ground versus hydronic
heating system (HRS) installed under the surface. The LCA was performed to evaluate the
overall and relative carbon dioxide equivalent emissions over service lifetime of 50 years of
an HRS operated in Ingolstadt. It is concluded that over the service lifetime, the hydronic
heating systems produce 18 % less emissions as compared to the de-icing salts. In relative
terms to the surface area of de-icing, use of salts produces 6.14 kg CO; eq. more emissions
per square meter. Apart from these emissions, any further critical impacts of salt use by
causing fine dust particles, other environmental hazards such as corrosion of vehicles and
buildings, and pollution of soil, ground- and surface water can be avoided by installing HRS.
The results show that the heating circuit PE-Xa and MA 8S type asphalt cause 65 % of total
emissions. Therefore, these is immense potential of further research into reduction of
emission by recycling and reusing the asphalt.
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