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ABSTRACT

Geothermal fields in the Western part of Turkey are known for their significant carbon dioxide content that results in considerably high
amounts of gas emissions from geothermal power plants during electricity production. Geothermal Emission COntrol (GECO) project
aims to address this issue and minimize the amount of carbon dioxide emitted on the fields with similar characteristics around Europe.
In the framework of the project, the emitted carbon dioxide is reinjected into the reservoir as a method of reducing carbon dioxide
emissions to the atmosphere similar to the CarbFix method carried out in Iceland. One of the pilot reinjection fields of carbon dioxide
was set up in the Kizildere geothermal field in Turkey. The objective of this study is to measure the carbon dioxide fluxes on the surface
and detect the leakage, thereby, ensuring that the injected carbon dioxide is trapped in the geothermal reservoir. An automated soil
carbon dioxide flux system that utilizes accumulation chamber methodology is used. The flux values are measured at more than sixty
station points at the Kizildere field for two years to create a baseline before the carbon-dioxide gas-charged fluid injection. This study
will guide for long-term monitoring of the carbon dioxide gas-charged fluid reinjection process. Furthermore, the technique provides a
means of assessing the feasibility of the pilot carbon-dioxide injection process in geothermal fields.

1. INTRODUCTION

The utilization of geothermal energy, despite being considered as environmentally friendly, may lead to the emission of substantial
amounts of carbon dioxide in fields where the geothermal fluid contains large volume of dissolved carbon dioxide. One of the objectives
of the Geothermal Emissions COntrol (GECO) project is to mitigate these emissions by reinjecting the captured carbon dioxide back
into the geothermal reservoir, thereby, providing clean and sustainable energy. The Kizildere geothermal field has been chosen as one of
the demonstration sites of the GECO project, due to its naturally high content of carbon dioxide.

The Kizildere geothermal field, which is located in Denizli at the western region of Turkey, is the largest and most important
geothermal field in the country. Geological, geophysical, and geochemical studies, which were supported by United Nations
Development Program, showed the existence of two distinct reservoir levels: a shallow medium enthalpy layer and a deep high enthalpy
layer (Gokcen et al., 2004). The deeper reservoir, which is composed of metamorphic rocks, typically contains 3% carbon dioxide by
weight, while the shallower reservoir section generally contains 1.5% carbon dioxide by weight (Simsek et al., 2005).

To determine the success of a carbon dioxide sequestration scheme, it is crucial to monitor the movement of the injected carbon dioxide
to ensure that it does not escape from the wellbore through leakage or emitted back to the atmosphere through the permeable zone in a
reservoir such as faults. The evaluation of the success of a carbon dioxide sequestration program requires continuous monitoring of
possible movement of the reinjected carbon dioxide. In order to accomplish this, advanced monitoring techniques such as numerical
reactive transport reservoir simulations, tracer tests, and repeated soil carbon dioxide flux surveys are utilized within the framework of
the Geothermal Emissions COntrol demonstration campaign at the Kizildere geothermal field.

Soil carbon dioxide flux is the rate at which carbon dioxide moves from soil to the atmosphere. Soil carbon dioxide fluxes encompass
the exhalation of carbon dioxide from the Earth's crust and mantle caused by degassing, carbon dioxide created by the respiration of
plants and roots, carbon dioxide generated by the decomposition of organic compounds and/or the oxidation of organic matter (De
Gregorio et al, 2019). Soil carbon dioxide fluxes are useful in monitoring carbon capture and storage (CCS) sites and used commonly at
various CCS sites around the world (Carman et al., 2019; Szizybalski et al., 2017). A soil carbon dioxide flux monitoring campaign is
also established at the Kizildere geothermal field to measure and analyze the intensity and variability of soil carbon dioxide fluxes prior
and after the carbon dioxide reinjection process. Previous and post injection fluxes will also be investigated to identify potential flux
anomalies.

2. METHODOLOGY

2.1 Soil Flux Measurements

The soil carbon dioxide fluxes presented in this study are acquired using a LI-COR Biosciences LI8100A portable single-chamber soil
gas flux system (LI-COR, 2015) that utilizes accumulation chamber methodology. The measurement method involves circulating a
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small amount of air from the chamber to the infrared gas analyzer (IRGA) and subsequently returning it to the chamber (M adsen et al.,
2009). A material balance for the carbon dioxide in the closed chamber is then used to derive the flux equation (Equation 1). A linear, or
exponential fit of the field measurements is used to determine the initial dC7/0t, and consequently, the soil fluxes (LI-COR, 2015).
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Where F. is the soil COz efflux rate (umol m™s™"), V (cm®) is the volume, Py is the initial pressure (kPa), Wy is the initial water vapor
mole fraction (mmol mol™), S is soil surface area (cm?), To is initial air temperature (°C), and 8C /6t is the initial rate of change in water
corrected CO2 mole fraction (umol mol ™) (LI-COR, 2015).

The field measurements involve the installation of polyvinylchloride (PVC) soil collars, upon which the accumulation chamber is
seated, into the ground as depicted in Figure 1. These collars also create the necessary seal needed between the accumulation chamber
and the soil. To ensure minimal disruption to the results, soil collars are installed at least 24 hours prior to conducting measurements as
per producer recommendations (LI-COR, 2015). At each sampling location, two consecutive measurements are conducted. Each
measurement is taken for 90 seconds.

Figure 1: Soil collarinstalledinto the ground for measurement (left), andsoil flux measurement at Kizildere (right).

For the analysis of the field measurements, the software SoilFluxPro by LI-COR Biosciences (LI-COR, 2021) is used. The best results
are achieved when the mixing of the air inside the chamber is steady. Dead band refers to the interval of time that starts once the
chamber is fully closed and continues until the steady mixing in the chamber is obtained (LI-COR, 2015). Time to reach steady chamber
mixing (dead band) is determined to be 20 seconds at the Kizildere field measurements. M easurements that are not in the dead band are
used to calculate soil fluxes. Anexample exponential fit of the experimental data using SoilFluxPro can be seen in Figure 2.
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Figure 2: Example exponential fit with S oilFluxPro software.
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Study Area

The Kizildere geothermal field, is located in the Western part of Turkey, which is characterized by horst and graben structures between
Buldan and Babadag horsts. The field is situated near the meandering Biiyiik M enderes River. A representation of the conceptual model
of the geothermal systemand the general geological setting can be observed in Figure 3.
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Figure 3: Conceptual model and general geology of the Kizildere geothermal field (modified after Simsek et al, 2009).

As a part of the demonstration campaign of the GECO project, some portion of the NCG produced from the Kizildere geothermal field
will be reinjected into the reservoir. To generate a baseline of the carbon dioxide fluxes before the start of the pilot reinjection
campaign, six different point-based soil carbon dioxide flux measurements were conducted in February, M arch, April, June, September,
and December 2019 (Kiigiik et al., 2021). In this article, the most recent soil carbon dioxide flux measurements conducted in August
2022 are presented. In total, 79 new soil flux measurements are taken in August 2022. The selection of measurement locations for the
previous (2019) and the recent (2022) measurements is carried out based on the following criteria:

1. Finely spaced rectangular sampling locations are selected near the proposed reinjection well to observe possible leaks that
may occur in the vicinity of the well by casing and/or cement failure.

2. Locations around the outcrops of the faults that intersect the reservoir are selected, since the faults can act as potential escape
routes for the injected carbon dioxide.

3. Locations that are in the vicinity of the projection of the possible flow paths in the reservoir.

The locations of the 2022 August measurements at the Kizildere geothermal field can be seen in Figure 4.
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Figure 4: August 2022 measurementlocations, wells, and faults.

3.RESULTS

A total of 79 carbon dioxide measurements were performed in August 2022 on dry soil with stable atmospheric conditions to eliminate
external effects on the soil flux measurements. The soil carbon dioxide fluxes in 2022 August measurements ranged from 0.7 g md' to
88.8 g m>d™! with a standard deviation of 11.8 g md™". Descriptive statistic of the August 2022 measurements can be seen at Table 1
and individual flux results can be observed in Figure 5. It has been observed that there is a substantial degree of variation within the soil
flux values. This high standard deviation of the samples can be attributed to the spatial variation of the soil type and its physical
properties. The spatial variation of soils may be naturally occurring or may be caused by agricultural activities, which is quite common
around the Kizildere field. Relevant research has demonstrated that application of farmyard manure to the soil can result in elevation of
soil carbon dioxide fluxes (Altikat et al., 2019). Additionally, the spatial variation in geological structures on the surface, such as faults,
also contributes to the high standard deviation.

Table 1: Summary of the descriptive statistics of the August 2022 Kizildere so0il CO; flux measurements.

Minimum (g m2d™") | 1* quartile(g m2d™") | Median (g m™>d") Mean (g m>d™) 3" quartile (g m>2d™") | Max (g m>d™")

0.70 3.20 5.53 8.86 9.67 88.78

The distribution of the soil flux samples corresponds to an almost bi-modal lognormal distribution (Figure 6), which is common in most
geothermal and volcanic areas (Chiodini et al., 1996,1998; Sbrana et al., 2021). This phenomenon can be attributed to the fact that the
measurements obtained are a composite of fluxes emanating from biogenic processes and those arising from Earth’s degassing
(Camarda et al., 2019), consequently, resulting in a combination of lognormal populations.
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Figure 5: August 2022 point-based soil carbon dioxide flux results.

Mean soil carbon dioxide fluxes from the Kizildere geothermal field are relatively low compared to other geothermal fields reported in
the literature such as: Torre Alfina, with a reported mean flux of 103 gm™d™! (Carapezza et al., 2015); Larderello, reported mean flux of
197 g md™! with record high flux measurements as high as 2927 g m>d! (Taussi et al., 2022). Additionally, it is worth noting that the
mean soil carbon dioxide emissions at the Kizildere field in August 2022 are only slightly higher in comparison to the average global
soil carbon dioxide emissions, which have been estimated to be approximately 6 g m™d™! as reported by Camarda et al. (2019). The
anomalously high soil fluxes might be used to identify an active reservoir at depth, whereas the regions with low soil carbon dioxide
fluxes may suggest presence of an impervious layer above an active reservoir, or lack of an active reservoir (Carapezza et al., 2015).
The relatively low soil carbon dioxide fluxes in the Kizildere field can be attributed to the high sealing capacity of the caprock over the
geothermal reservoir because most of the high flux values are observed near the outcrops of the faults that intersect the reservoir at
depth. This high sealing capacity of the caprock makes the Kizildere field an appropriate candidate for carbon capture and storage
(CCS). On the other hand, soil flux measurements alone are not enough to assess the feasibility of a CCS project due uncertainties
caused by high temporal and spatial variation of the soil flux data. M oreover, soil flux monitoring solely, may be an inefficient practice
of leakage monitoring, because leakages are not likely to cause significant changes on the surface of the soil, making it difficult to detect
them using soil fluxes (Carman et al., 2019). Hence, the data obtained from these soil flux studies will be employed in conjunction with
other monitoring techniques such as brine sampling and tracer tests, as means of monitoring the reinjection campaign at the Kizildere
field.
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Figure 6: Histogram (left) and quantile-quantile plot (right) of the soil carbon dioxide fluxes, usedto identify the distribution of
the samples.

3.CONCLUSION

In this study, the latest soil carbon dioxide flux survey results from the Kizildere Geothermal Field are presented. The latest
measurements were used together with the previous seasonal soil flux measurements from Kizildere to determine the baseline carbon
dioxide flux of the field. Determination of baseline carbon dioxide fluxes is important in monitoring the course of the reinjected carbon
dioxide. The selection of measurement locations for soil carbon dioxide flux measurements in 2019 and 2022 was based on several
criteria. These included selecting finely spaced rectangular sampling locations near the proposed reinjection well to observe potential
leaks, selecting locations around outcrops of faults that intersect the reservoir at depth as they may act as escape routes for the injected
carbon dioxide, and selecting locations in the vicinity of projected flow paths in the reservoir. The mean flux from the field is found to
be 8.86 g m2d! ranging from 0.70 g m2d"! to 88.7 g m?d™!. Compared to other geothermal and volcanic areas and global averages, the
Kizildere field’s mean soil carbon dioxide fluxes are comparatively low with higher fluxes generally observed near faults. The
established baseline carbon dioxide emissions, together with the other monitoring tools such as brine samples and tracer tests will help
assessing the safety and feasibility of the implemented carbon capture and storage scheme. Future measurements of soil carbon dioxide
flux will be conducted at Kizildere in continuation to the monitoring campaign of the carbon dioxide reinjection scheme.
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