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Abstract

:

Life Cycle Assessments (LCAs) of thermoelectric plants frequently focus on impacts related to fuel and water consumption. The purpose of this research was to determine the environmental impact of the chemicals used for water conditioning in a Combined-Cycle Gas Turbine (CCGT) plant in Mexico. An LCA of the electricity generation process was carried out using the SimaPro software with the ReCiPe method, which includes 18 midpoint environmental impact categories. The process was broken down into stages, which were analyzed separately. To complete the study, an analysis of the fuel cycle and the materials used for maintenance works were included. Results showed that the most affected impact categories were water depletion (9.77 × 10−1 m3/MWh), due mainly to the high volume of water consumption in the cooling systems and the reverse osmosis process; freshwater, marine, and terrestrial ecotoxicity (1.59 × 10−2 kg 1,4 -DB eq/MWh), and human toxicity (1.1 × 10−1 kg 1,4-DB eq/MWh)—due to the production and consumption of the chemicals used. One such chemical is hydrazine, which is a highly toxic compound to humans and other living organisms. It is worth mentioning that traces of some chemicals in wastewater discharges could be considered as emerging pollutants because of their potential health hazards, which have not been reported yet.
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1. Introduction


Water is essential to maintaining life on Earth, and it is also a key resource for electricity generation. It is expected that worldwide water demand will double by 2050 due to population growth and the improvement of living standards [1].



The water–energy nexus has a significant influence on a country’s energy development. The amount of water required for electricity generation depends on the capacity of the plant, the power generation technology, and the availability and location of water sources. Electricity generation has a potential impact on the quantity and quality of available water [2].



In Mexico, according to the National Water Commission [3], by the end of 2016, the volume of water allocated for offstream use was 85,664 Mm3, of which 4149 Mm3 was used for thermoelectric plants.



Energy consumption is expected to grow at an average annual rate of 3.1% between 2018 and 2032, that is, from 320,629 GWh (2018) to 492,165 GWh (2032), which represents an increase of 53.5% (171,536 GWh). This future demand will be satisfied with new plants—an added capacity of 66,912 MW, of which 42% (28,105 MW) will be generated by combined-cycle technology [4].



Combined-cycle gas turbine (CCGT) plants use two technologies: a steam turbine cycle (conventional thermoelectric) and a gas turbine cycle (turbo gas), resulting in higher efficiency—close to 59% at full load compared to conventional systems, whose efficiencies range between 32% and 39%. For this reason, the amount of CO2 emitted per kWh of electricity generated is nearly 40% lower than that emitted by other types of power stations that use fossil fuels. Emissions of sulfur dioxide (SO2), nitrogen oxides (NOx), and solid particles are very low and, in some cases, negligible. Therefore, CCGT plants have lower electricity generation costs and cause less environmental pollution compared to plants that use only one technology [5]. Furthermore, their construction time is relatively short because they can be installed by modules—the gas turbine first and the steam turbine later—increasing their operational flexibility. Due to their characteristics, these technologies are becoming widespread in the Mexican electricity sector [6].



On the other hand, CCGT plants use chemicals (some of them toxic) throughout the different stages of the electricity generation process. These materials are released into the environment as atmospheric emissions or wastewater discharges, with impacts on natural resources, air, soil, and water [5].



Chemical contamination of water resources has serious implications on aquatic ecosystems. These effects range from eutrophication—which can lead to oxygen depletion in water, killing fish and other aquatic populations—to health problems such as cancers, reproductive disorders, damage to cellular structures and DNA, and malformations. Furthermore, adverse effects on aquatic microorganisms can have a ripple effect throughout all levels of the food chain. Chemicals that accumulate in aquatic organisms bioconcentrate in other animals that feed on these organisms [7].



In the United States of America, some environmental studies on steam turbine plants identified large amounts of toxic pollutants discharged into surface water sources. Most of these toxic pollutants—which include arsenic, lead, mercury, selenium, chrome, and cadmium—remain in the environment for many years. This concern led the Environmental Protection Agency (EPA) to establish federal limits on the levels of toxic metals in wastewater discharged from power plants to preserve environmental and public health conditions. These regulations were included in the EPA 2015 Final Rule [8]. In Mexico, the Mexican Official Norm NOM-001-SEMARNAT-1996 [9] establishes the maximum permissible limits of pollutants in wastewater discharged into national waters and resources.



However, there are chemicals—known as emerging pollutants—that are not currently regulated and could have a negative effect on health. Their occurrence on the environment, risk contribution, and ecotoxicological effects are often unknown. Emerging pollutants may be candidates for future regulation, depending on the results of ongoing studies on their potential effects on health and the incidence monitoring data [10].



A powerful tool for evaluating environmental impacts is the life cycle assessment (LCA) methodology. This technique identifies and quantifies the energy and material inputs as well as environmental releases associated with all the stages of the life cycle of a product or service—from raw material extraction to disposal or recycling [11].



In our review of the literature on LCAs of electricity generation systems, we found that most of the studies evaluate the environmental impact by focusing on the use of different types of fossil fuels and/or by comparing alternative technologies [12,13,14,15,16].



Some of these studies have only focused on natural gas [17]. Others such as that of Spath and Mann [18] are more comprehensive. They conducted an LCA of a natural gas combined-cycle system to identify its environmental advantages and disadvantages, and their scope included the fuel life cycle, from extraction and transportation to plant construction, operation, and dismantling.



Agrawal et al. [15] carried out an LCA on a CCGT plant to identify the midpoint (problem-oriented) and endpoint (damage-oriented) impacts. The LCA included the processes within the power plant boundary (electricity, water usage, natural gas combustion, wastewater disposal, etc.), and it also considered upstream processes, such as extraction, natural gas processing, and transportation.



All of these studies focused on fossil fuel consumption and considered upstream and downstream processes. Furthermore, the electricity generation process—which involves water conditioning, the water–steam cycle, and the cooling system—is seen as a whole, without getting into details about its internal functioning.



Mertens et al. [19], on the other hand, determined the water footprint of CCGTs and, by analyzing different cooling systems, looked at each stage of the electricity generation process separately. The authors applied three different methodologies and took as criteria the type of fuels, the water used in the demineralization process, and the cooling technologies employed—aero condensation, cooling towers with surface raw water and seawater, and open circuit.



The results reported in most of the articles analyzed suggest that environmental impacts are caused mainly by the high consumption of fossil fuels and the effects of their combustion and upstream processes—extraction, processing, and transportation.



However, to our knowledge, no previous study has investigated the effects of the chemicals used for water conditioning in a CCGT plant.



To determine the environmental impact of the chemicals used for water conditioning in a CCGT plant, an LCA of the electricity generation process was carried out. The process was broken down into stages, which were analyzed separately. An analysis of the fuel cycle and the materials used for maintenance works was also carried out to complete the study.



Our results showed that the most affected categories were related to air, water, and toxicity to the environment and living organisms. These impacts were mainly caused by the amount of natural gas, the volume of water extracted, and the manufacture and consumption of the chemicals used in the process.



The rest of this paper is organized into three sections. Section 2 describes the methodological approach taken in this study; this section also includes the criteria that was used to interpret the results. Section 3 presents the results of the LCA, focusing on contribution and sensitivity analyses. Finally, Section 4 provides a summary of the findings, comments on the limitations of the study, and suggests areas for further research. A list of the acronyms, initialisms, and chemical symbols used throughout this paper is included in Appendix A.




2. Materials and Methods


The LCA methodology includes four phases: (1) Goal and scope, (2) Life cycle inventory analysis (LCI), (3) Life cycle impact assessment (LCIA), and (4) Results and interpretation. Mexican Guidelines NMX-SAA-14040-IMNC-2008 [20] and NMX-SAA-14044-IMNC-2008 [21], which are equivalent to ISO 14040:2006 and ISO 14044:2006, respectively, support this methodology.



2.1. Goal, Scope, and Functional Unit


As stated in the introduction, the aim of this study was to determine the environmental impact of the chemicals used for water conditioning during the power generation process in a CCGT plant. The study was carried out in a CCGT plant located in Central Mexico. The reports on water usage from December 2014 to October 2015 were examined, and the data from December—the month with the highest level of water usage recorded—was selected for the study.



The functional unit was set to 1 MWh of electricity produced by the CCGT plant, and it was used as a reference unit to quantify all the inputs (materials) and outputs (emissions and discharges).



2.1.1. System Description


CCGT power plants use two thermodynamic cycles to generate electric power. A gas turbine—operating on a Brayton cycle—burns natural gas, and the resulting combustion exhaust gases power a generator to produce electricity. Waste heat in the exhaust gases is captured and routed to a heat recovery steam generator (HRSG), which heats water to produce steam that powers the steam turbine (Rankine cycle), generating more electricity. Surplus steam is then transformed into water in a condenser for its recycling in the HRSG.



Two types of water quality are used in this process: demineralized water—which circulates through the HRSG and condenser (water–steam cycle)—and well water, which circulates through the condenser and cooling tower (cooling system).



To maintain operational conditions at an optimum level and avoid corrosion, fouling, and scaling problems, a good chemical treatment control (water conditioning) is necessary to modify the physicochemical characteristics of water and adapt them to the predefined and desired parameters for the electricity generation process [5].



To define the subprocesses that would be included in the LCA, a block diagram that illustrates the electricity generation process was designed (see Figure 1). The subprocesses where chemicals for water conditioning are used comprise the demineralized water treatment plants, the cooling system, and the water–steam cycle. The fuel cycle includes natural gas processing and transportation, extraction, and combustion. Maintenance works comprise the materials used for plant maintenance.



Demineralizer Treatment Plant


Water conditioning is carried out in two demineralizer treatment plants: reverse osmosis (RO) and ion exchange (IX).



Intake water coming from a well is treated in the RO plant to eliminate salts, organic compounds, and microorganisms through membranes that are made of polymeric materials (polyamide). It is necessary to pretreat water with phosphonates to avoid membrane fouling. Water coming through the membranes is posttreated in an ion-exchange mixed bed as a polishing treatment to improve its quality.



IX is the reversible exchange of ions between a solid (ion-exchange material or resin) and a liquid. In the IX process, resins remove almost all cations and anions from the water. The efficiency of the process is determined by the composition of the water supply, the types and quantities of the resins used, and the resin regeneration process, among other factors.



The IX process is done sequentially (in a three-filter train): first, the water goes through a cationic resin, then through an anionic resin, and, finally, through a mixture of cationic and anionic (mixed bed) resins. The IX process is reversible, and the direction of the reaction depends on the ion concentration and the resin saturation level. Once the resins are saturated, they undergo a regeneration process.



The CCGT plant of our case study uses two three-filter trains. While one is working, the other regenerates. The cationic resin is regenerated with sulfuric acid (H2SO4), and the anionic resin uses a sodium hydroxide (NaOH) solution in demineralized water.




Water-Steam Cycle


Water treatment in the water–steam cycle is treated with several chemicals: phosphates for pH control, which regulate the steam and liquid phases; cyclohexylamine, to avoid corrosion; and hydrazine, which is used to eliminate the remaining oxygen dissolved in the liquid and steam phases. In addition, a purge regime is necessary to control salt concentration [5].




Cooling System


Cold well water from the cooling tower is used for steam condensation in the condenser. There is a continuous flow of water between the condenser and the cooling tower, where there could be substantial water loss due to evaporation, leaks, and purges [5]; in these cases, make-up water is continuously fed to the cooling tower.



Water treatment in this circuit is applied to simultaneously control corrosion, inorganic scaling deposition, fouling, and the growth of microorganisms. Sodium hypochlorite (NaClO) is added as a biocide for microbiological control; bio-dispersants, such as orange terpenes, are used to improve the efficiency of the biocides [22]; copper inhibitors, such as sodium salt of tolyltriazole and hydroxyphosphonoacetic acid (HPAA), are added to protect the facilities from scaling and metal corrosion.



The higher the pH in the cooling water, the lower the effectiveness of the chemical pretreatment. Therefore, it is necessary to lower the pH level by adding H2SO4.





2.1.2. System Boundaries


The system boundaries defined for the LCA are the following:




	
Upstream operations: extraction, processing, and transportation of fuel (natural gas), and manufacture of some of the input materials used in the main subprocesses (see Section 2.2. Life Cycle Inventory).



	
Downstream operations: wastewater discharges and solid waste treatment and disposal



	
Main subprocesses and activities:




	○

	
natural gas combustion




	○

	
water demineralization, which is carried out by RO and IX treatments




	○

	
water–steam cycle, which comprises the HRSG and water condenser




	○

	
cooling system, which is composed of the cooling tower and the condenser




	○

	
maintenance work activities, including water consumption for general services and the fire-fighting system














The scope of this research was from cradle to gate [23]. Therefore, transmission, distribution, and consumption of electricity, as well as plant construction and decommissioning are outside the system boundaries.



Throughout this paper, the term “stages” will be used to refer to the subprocesses, activities, and operations that will be analyzed in the LCA. These are RO, IX, cooling system, water–steam cycle, maintenance works, and fuel cycle—which comprises natural gas extraction, processing, transportation to the CCGT plant, and combustion.





2.2. Life Cycle Inventory


2.2.1. Considerations


Operating conditions of the CCGT plant in our case study were the following:




	
The fuel is natural gas.



	
The electricity generation process is carried out in a combined-cycle unit using both a gas and a steam turbine.



	
Demineralized water is produced by two treatment systems: RO and IX. The effluents from the RO and IX systems are used in the cooling system and the water–steam cycle, respectively. Membrane production for the RO process is not considered.



	
The plant factor—or the ratio of the average power load of a plant to its rated capacity—is 100%.



	
The water supply is well water, and no pretreatment is required.



	
The analysis is based on the gross power.








Table 1 describes the operating conditions of the plant; Table 2, the composition of the natural gas used as fuel.




2.2.2. Data Collection


Foreground data related to energy production—such as operating conditions, fuel combustion, chemical consumption, raw water intake, and wastewater discharges—were obtained from technical reports and specialized documents issued by the plant personnel.



Background data, not related to energy production—such as raw materials/compounds used for the production of chemicals (e.g., additives), gas extraction, and fuel processing and transportation—were obtained from the Ecoinvent database v.3.1.



In this database, the only country-specific data available for Mexico were related to energy and water resources. Therefore, data for chemical production and raw materials were taken from the Rest-of-the-World (RoW) dataset; transportation data, from the Europe (RER) dataset; and other chemicals not found in RoW were obtained from the Global (GLO) dataset.



There were other specific organic and inorganic compounds that could not be found in Ecoinvent. To fill this data gap, the “chemical production, organic” and “chemical production, inorganic” processes were selected. The considerations behind this selection were the following:




	
Human and environmental exposure to chemicals can occur at each stage of the chemical life cycle, including raw material extraction and chemical manufacturing [7].



	
Evaluating the impact of producing chemical compounds could provide some insight into the type of impact that these substances may have on the environment.



	
Information on chemical production is available in Ecoinvent.








Even though the inventories for the “chemical production, organic” and “chemical production, inorganic” datasets are based on literature and represent a rough approximation [24], the assessment results would reflect the potential impact of producing a chemical compound.



The limitation in using data that are not specific for Mexico is that they provide approximate results in the impact evaluation.



The allocation of the materials was performed according to the mass of the substances involved in the process. Low-consumption materials were excluded, except for hydrazine, which, despite its low consumption (0.04 m3/month, at 35%), it is extremely toxic [25] and thus was included. A 1% cut-off criteria—or the amount of matter flow associated with the unitary processes excluded from the calculation in the study [21]—was considered for the evaluation.



Atmospheric emissions from natural gas combustion—such as SO2, CO2, NOx, and CH4—were calculated according to the EPA emission factors [26] and were compared with the energy and mass balance results obtained from the Thermoflex software [27]. Technical documents from other plants using a similar technology were consulted to obtain data on materials used for maintenance work and waste disposal [28,29,30]. Input and output data inventory are presented in Figure 2 and correspond to the main stages depicted in Figure 1.




2.2.3. Assumptions


The following assumptions were made:




	
The resins are imported from the United States.



	
The disposal of spent ion-exchange resins is done through municipal incineration.



	
The materials are adapted to the conditions of Mexico’s electricity mix.



	
Demineralized water vapor is not considered in the water–steam cycle.



	
Hazardous waste from the maintenance works was incinerated.



	
The materials used are brought from nearby cities.



	
Natural gas is transported from the Gulf of Mexico.










2.3. Life Cycle Impact Assessment


The LCA modeling was carried out using SimaPro 8.0.4.30 software [31]. The evaluation was performed with the ReCiPe method [32], employing 18 impact categories at the midpoint level (problem-oriented approach, such as acidification, climate change, and ecotoxicity) [33], applying the hierarchist perspective, and using the normalized world value (Europe excluded). It complies with ISO 14040 and 14044 standards and contains the broadest set of midpoint categories, whose factors, characterization models, and indicators are adequate to determine the environmental impact of electricity generation.



A detailed explanation of the impact categories is shown in Table 3 [32,33].




2.4. Interpretation of the Results


2.4.1. Contribution Analysis


To get a detailed interpretation of the environmental impacts caused by each stage and find out which material has the highest contribution to each category, the stages were modeled separately considering their associated activities/materials (see Figure 2 of Section 2.2.2).



The results showed that all the activities/materials contribute to each impact category to a greater or lesser degree. For each impact category, the activity/material with the highest contribution was selected. Then, the compounds and substances associated with said activity or used in the production of said material were analyzed to identify the one responsible for the highest contribution to each category.



One way to make an interpretation of the category indicators is to normalize them. Normalization is a technique for changing impact indicator values with different units into a common, unitless format by dividing the values by a selected reference quantity. This process increases the comparability of data among various impact categories [34]. Normalized results were obtained directly by SimaPro using the World ReCiPe Midpoint (H) normalization factor.



To analyze the relevance of the contributions of the processes and materials of each stage to each impact category, the following percentage contribution scale was proposed: (a) low contribution is less than 20%, (b) medium-low, from 21% to 50%, (c) high-medium, from 51% to 80%, and (d) high, from 81% to 100%.



In the following section (Results and Discussion), Figure 3a, Figure 4a, Figure 5a, Figure 6a, Figure 7a and Figure 8a show the characterization results, and Figure 3b, Figure 4b, Figure 5b, Figure 6b, Figure 7b and Figure 8b show the normalized results.




2.4.2. Sensitivity Analysis


Sensitivity analysis is a systematic procedure for the evaluation of the results in case there were changes in the process variables [20]. Based on the stages where chemicals are added and the operating conditions at other plants, three scenarios were developed to identify the potential impact of the chemicals used. The first two are related to changes in the operating conditions; the last one considers the presence of d-Limonene, an emerging pollutant, in the wastewater discharge:




	
Scenario 1: Changing the water treatment process to produce demineralized water.



	
Scenario 2: Using only hydrazine to prevent corrosion and control the pH level in the boiler feedwater treatment during the water–steam cycle.



	
Scenario 3: Presence of d-Limonene in the water discharged from the cooling tower.











3. Results and Discussion


3.1. Contribution Analysis Results


Table 4 shows the individual contribution of each one of the stages to the different impact categories. These values were obtained by adding the contribution that the activities/materials associated with each stage made to the impact categories. The 18 midpoint impact categories are grouped according to the type of effect on the environment.



From the data in the table above, it is apparent that there is a wide variation between the contribution of the fuel cycle and that of the other stages. The amount of natural gas consumed (218 m3/MWh) in the fuel-cycle process is higher than that of other materials consumed in the other processes (see Figure 2). For this reason, the fuel cycle has the highest contribution, which overshadows the contribution of the other stages to the impact categories, as Figure 3a,b illustrate.



After natural gas, the second most consumed natural resource during the process is water, which is mainly used in the cooling system. The total value in the WD category (1.04 m3/MWh) is the net volume of water consumed resulting from the total volume of water extracted during the LCA (1.53 m3/MWh) minus the total volume of water discharged (0.49 m3/MWh). Less than 50% of the intake water is returned to the environment as wastewater discharge, which is considered an ecological flow; however, it is water that is polluted [35].



When the fuel-cycle values are not plotted on the graph, as shown in Figure 4a,b, it is possible to better appreciate the contributions of the other stages to each impact category. Now, the cooling system is the stage responsible for the highest impact, and even the lowest contributions made by the other stages can be seen.



These contributions are, indeed, insignificant when compared to those of the fuel cycle. However, they are made by the stages to which chemicals—some of them toxic—are added. When considering the potential risks posed by chemicals, what seems negligible at first glance may not be so after a closer analysis.



Let’s take, for example, cyclohexylamine. According to plant documents, on average, 1.85 × 10−4 kg of this toxic substance is consumed per MWh for water conditioning. In 2016, CCGTs in Mexico produced 160,378 GWh of electricity [4], which, according to our calculations, resulted in an annual consumption of 30 t of cyclohexylamine. By 2032, CCGTs are expected to generate 246,990 GWh of electricity [4], which would require the consumption of approximately 46 t of this substance for water conditioning in a year. This estimate is rather conservative, but it highlights the amount of just one toxic chemical that could potentially be released into the environment as wastewater discharges and only by one type of technology.



In the following subsections, the interpretation of the LCA results obtained for each one of the stages will be discussed.



3.1.1. Cooling System


Chemicals used for water conditioning, including all the resources needed for their manufacturing process and transportation, are the major causes of environmental impact.



Organic compounds such as microbiocides, corrosion anti-scale inhibitors, and bio-dispersants were not available in Ecoinvent; therefore, the “chemical production, organic” dataset was selected to evaluate the potential impact of the production of organic compounds.



WD is the most affected due to the high volume of water consumption (0.95 m3/MWh).



FD is affected by the oil consumption during the manufacture of the organic compounds; MD, by the use of copper in different forms for construction.



The manufacture of organic compounds has impacts on water and air. Impact categories related to water are FE, FET, and MET. Phosphates in waste contribute to FE; zinc discharges—which usually come from the galvanic industry, paints, and catalysts—affect FET and MET and have a cumulative effect on some organisms [36]. Barium discharges in water, which come from the material used in the oil and natural gas industry, contribute to HT [37]. The atmospheric impact is due to CO2 emissions from the ethylene production, which affects CC; treatment of radioactive waste contributes to IR; SO2 in the natural gas production, to TA; benzene coking with SO2, to PMF; NOx, to POF; and the emission of bromotrifluoromethane during the production of oil and natural gas contributes to OD.



ME is affected by nitrate discharges and NOx atmospheric emissions; TET, by atmospheric emissions from acetic acid, bromine in water, and copper in soil from natural gas extraction.



The cooling system and the other stages that were evaluated (water–steam cycle, IX, RO, maintenance work, and fuel cycle) impacted in the same way the categories related to the occupation of natural areas: road and facilities construction contributed to NLT and ALO, and land used as a landfill had an impact on ULO.



Figure 5a shows the characterization results of the cooling system. After normalizing the results (see Figure 5b), the highest impacts were observed in MET, FET, and HT due to the discharges in water and the manufacture of chemical compounds (sodium hypochlorite and organic compounds).




3.1.2. Water–Steam Cycle


As Figure 6a illustrates, the contribution of the manufacture and consumption of chemical compounds to most of the categories was high.



Hydrazine is the compound with the highest impact on the environment due to its toxicity [38], which also poses a risk for handling and storage. Furthermore, during the hydrazine production process, CO2 emissions contribute to CC; SO2, to TA and PMF; NOx, to POF; the use of copper, to MD; phosphates, to FE; treatment of radioactive waste, to IR; and natural gas consumption, to FD. A compound used in the production of hydrazine is chloramine, which is responsible for the contribution to TET (air emissions) and FET (air emissions and water discharges). MET is affected by copper in water and chlorine in the air; HT, by manganese in water and chlorine in the air; and ME, by nitrates.



Cyclohexylamine is a chemical compound that has a medium-low level of toxicity not only to humans, as it irritates the skin and mucous membranes, but also to aquatic organisms [39]. As this chemical is not included in the Ecoinvent database, the “chemical production, organic” dataset was selected to evaluate the impact of producing an organic chemical compound. Given the characteristics of this substance, if the model were available, the contribution to certain impact categories, especially those related to toxicity, could be higher.



Disodium and trisodium phosphates are toxic when ingested or inhaled and may irritate the skin, eyes, and the respiratory tract. The low-level toxicity of phosphates is due to their ability to sequester calcium [40]. These compounds were not included in the Ecoinvent database. To gain some insight about their potential impact, the “chemical production, inorganic” dataset was selected to evaluate the impact of producing an inorganic chemical compound.



The contribution to WD is due to demineralized water consumption (0.0103 m3/MWh).



Normalized values are shown in Figure 6b. As can be seen, hydrazine production has a high impact on FET and a low impact on MET, TET and FE. Nitrate emissions are responsible for the contribution to ME.




3.1.3. Demineralized Water Treatment and Maintenance Works


The materials involved in each one of these stages are summarized in Figure 2 of Section 2.2.2.



IX Treatment


Of the demineralized water produced (0.04 m3/MWh), 83% was obtained by RO; the rest, by IX.



In the IX treatment, the manufacture of anionic resins and NaOH made a high contribution to almost all the categories.



In the anionic resin manufacture, copper contributed to MD; bromine, to FET; tetrachloromethane in the air, to OD and HT—which was also affected by manganese discharges in water; copper in the air and in water contributed to MET; chlorine in the air and bromine in water, to TET; nitrate in water and NOx in the air, to ME; and phosphates, to FE.



In the manufacture of NaOH, NO2 contributed to POF; Cesium-137 discharged in water and Carbon-14 emitted into the air, to IR; CO2 emissions, to CC; and SO2 emissions, to TA and PMF.



FD was impacted by the fuel consumption in the sulfuric acid manufacture.



The effect on WD is caused by the amount of water extracted (0.008 m3/MWh) to produce demineralized water, which is lower than the amount of water extracted for the treatment with RO.




RO Treatment


Regarding the RO treatment, the materials that caused the highest impact were water consumption and phosphonate used as an antifouling.



WD is affected by the water extracted (0.056 m3/MWh) to produce demineralized water.



Phosphonate is not included in the Ecoinvent database; therefore, the “chemical production, organic” dataset was used to evaluate the potential environmental impact of the production of an organic compound.



In the organic production, the use of copper contributed to MD; crude oil extraction, to FD; NO2, to POF; copper emissions in water contributed to FET and MET; and nitrates in water and NOx in the air had an impact on ME. Phosphates impacted FE; acetic acid emissions into the air, bromine discharges in water, and copper in soil contributed to TET.



In the anionic resin manufacture, tetrachloromethane in the air contributed to OD.



The manufacturing process of NaOH affects IR, CC, TA, and PMF with the same substances that affect these categories in the IX treatment. In addition, mercury emissions into the air and manganese discharges in water contribute to HT.




Maintenance Works


More than 10 materials were used for the maintenance works model; however, only four of them had a markedly impact: cotton yarn waste, paint, white mineral oil, and hydraulic oil. The other materials considered made a low contribution (less than 5%); thus, they are not mentioned.



The disposal of absorbent materials—such as cotton yarn waste—impregnated with oil affects the soil; TET is affected by cypermethrin—an insecticide used to control moth pests of cotton.



In paint production, the use of metals—such as iron—contributes to MD; SO2 emissions, to PMF; the outflow of copper into water, to FET and MET; nitrates in water, to ME; and phosphates, to FE. NLT, ALO, and ULO are also affected.



In the production of white mineral oil, crude oil consumption contributed to FD; SO2 emissions, to TA; NOx, to POF; and barium discharges, to HT.



Hydraulic oil, evaluated within the “chemical production, organic” process contributes to CC due to CO2 emissions. In the manufacture of NaClO, Radon-222 contributes to IR, and tetrachloromethane emissions into the air contribute to OD.



WD is affected by the water used in the manufacture of materials.



Figure 7a,b show the results of characterization and normalization of the water treatment processes (IX and RO) and maintenance works.



After normalization, the categories that have a higher impact are FE, HT, FET, MET, and FD.



Anionic resin manufacture for the IX treatment, the organic compound production for RO, and white mineral oil and paint production for maintenance works are responsible for the high contribution.





3.1.4. Fuel Cycle


The fuel cycle included three processes involving natural gas: extraction and production, processing and transportation, and combustion (emissions).



As Figure 8a illustrates, extraction and production of natural gas contribute to all the impact categories. The main impact is reflected in the depletion of natural resources: fossil-fuel (natural gas) consumption contributes to FD, and iron used for the infrastructure of natural gas extraction contributes to MD; WD is caused by water consumption for fuel extraction and processing and the manufacture of materials involved in these processes. Copper discharges in water affect FET, and copper atmospheric emissions and discharges in water impact MET. IR is affected by Carbon-14 from waste treatment, and bromotrifluoromethane affects OD. HT and TET are affected by mercury emissions into the air and barium in the soil caused by waste treatment. Mercury can also pollute drinking water or bioaccumulate in fish, affecting public health [8].



Regarding natural gas processing and transportation, ALO is impacted by the transformation of areas for new infrastructure; phosphate contribution to wastewater affects FE. Nitrates and phosphates in wastewater discharges cause eutrophication in bodies of water, resulting in the proliferation of algae and other plants, modifying the habitat for other organisms.



Natural gas combustion has a direct effect on the impact categories related to the emission of gases into the air: CO2 emissions affect CC, and NOx emissions contribute to TA, ME, POF, and PMF. NOx and CO2 released during gas combustion affect human health and global warming. Regarding human health, short-term NO2 exposure can cause respiratory irritation and eye damage, whereas a long-term exposure can affect children’s lungs and can cause chronic vascular brain disease and liver or spleen disorders. Elderly people, children, and people with health problems are the most vulnerable [41].



After normalizing the results, it can be seen that natural gas production has a high impact on FD, and it also has an effect on FET and MET. The combustion of natural gas affects CC, TA, POF, and PMF (see Figure 8b).




3.1.5. Comparison of the Results with Those of Similar Studies


The methodology used in this research makes it possible to compare the overall CC and WD results of this study with the findings of similar LCA studies on electricity generation.



Table 5 shows a comparative analysis of the results of the contribution to CC.



The gas emitted during the electricity generation process is mainly CO2. Our result (442.04 g CO2 eq/kWh) is very close to that reported in Santoyo-Castelazo’s study [14], and it is within the range of values found in Mertens et al. [19] for this technology, which gives us confidence in our methodology approach.



With regard to WD, it was only possible to compare the amount of water consumed in the cooling system with that reported by Mertens et al. [19]. These authors determined water consumption in four different CCGT plants, two of which use the same cooling system that is used in our case study. Their results show that the volume per kilowatt-hour of water extracted from seawater is higher than that from surface water.



In the present study, given the operating conditions of the plant and the source of water supply (well water), the volume of extraction is low because the volume of circulating water is higher in the cooling system. However, the water efficiency of the cooling tower is also low—two-thirds of the replacement volume is lost through evaporation, and one-third is lost in purges to keep salts under the saturation level [43].



As a consequence of continuous evaporation, salt concentration increases. This fact and the continuous water reposition (to keep the volume constant), which contains its respective salts concentration, results in a continuous rise in the salinity that must be compensated with a correct regime of purges [44]. It is very probable that these discharges contain traces of additives—such as bio-dispersants, microbicides, and scale eliminators—added to condition the water and maintain the operation.



Table 6 shows the comparative analysis of water consumption and concentration factors between different water supply sources for the cooling system. The concentration factor corresponds to the ratio between the amount of extracted water and the amount of water discharged into a nearby body of water [19].





3.2. Sensitivity Analysis Results


3.2.1. Changing the Water Treatment Process to Produce Demineralized Water


Initially, two water treatment processes were in operation—IX and RO—but the possibility of using only one treatment was high because it is common practice in other plants using the same CCGT technology. The following three scenarios were proposed:




	
Base treatment: According to the volume of demineralized water produced in the month studied and the information obtained from plant documents, the LCA was performed considering that 17% of the volume produced was from IX and 83% from RO.



	
One month using only IX.



	
One month using only RO.








As Figure 9 illustrates, using only the IX treatment has a substantial impact on almost all categories; however, the amount of water required is lower than the amount used with RO.



Using only RO (scenario 3) is the best option if it is considered that its environmental impact is lower when compared with the other two scenarios; however, the contribution to WD is higher (a 20% increase compared to using only IX and a 35% increase compared to using the base treatment). This may be caused by the high volume of reject water and the water used to clean the membranes.



Identifying the best option is not an easy task; this will depend on the quality of the water entering the treatment system, the degree of purity and costs of the chemicals used in the treatment, the degree of cleanliness of the IX filters and/or of the RO membrane surface, and the energy consumption during operation, among other factors.




3.2.2. Using Only Hydrazine to Prevent Corrosion and Control the pH Level in the Boiler Feedwater Treatment during the Water–Steam Cycle


The plant under study uses two types of chemical compounds for corrosion and pH control in the boiler feedwater treatment: cyclohexylamine and hydrazine. Other CCGT plants use only hydrazine. The sensitivity analysis considered the following two scenarios:




	
Using two compounds: cyclohexylamine and hydrazine (our case study).



	
Using only one compound: hydrazine (data from another CCGT plant was used to calculate the amount of hydrazine considered to model this scenario).








The results in Figure 10 show that the impact of using only hydrazine (scenario two) is notably higher in almost all the impact categories except in FD. This could be explained by the fact that, in this scenario, cyclohexylamine is not included in the production of organic compounds, which decreases the use of fossil fuel.



Hydrazine has the advantage of not producing solids and favors the formation of a thin magnetite (ferrous ferric oxide) layer throughout the water–steam cycle, avoiding corrosion; however, both hydrazine and cyclohexylamine are toxic products. Interestingly, even though the combination of cyclohexylamine and hydrazine in the boiler feedwater treatment has an impact on all categories due to their toxicity, this impact is lower than that of using hydrazine alone.




3.2.3. Presence of d-Limonene in the Water Discharged from the Cooling Tower


Bio-dispersants are added to the cooling tower water to prevent the growth of Legionella bacteria. The plant in our case study uses orange terpenes, such as d-Limonene, to keep the heat exchanger equipment in cooling towers free from organic matter. D-Limonene belongs to the terpenoids family and is very efficient in removing biomass deposits caused by fast-growing microorganisms that attack metal surfaces [45].



However, exposure to d-Limonene and its oxidation byproducts over long periods, such as the time required for degreasing operations, can cause respiratory and skin irritations. Furthermore, d-Limonene is insoluble in water [46] and can bioaccumulate in fish and other aquatic organisms, making them toxic to other organisms that feed on them and to the ecosystems. With a newly proposed analytical method, it is possible to determine the presence of this compound in fish tissue at the laboratory for further studies [47]. In soil, the compound has little mobility; in the aquatic environment, it is expected to adsorb the sediment and organic matter in suspension [48].



The sensitivity analysis considered that this bio-dispersant is present in the wastewater discharge. This scenario was selected because, in a water quality analysis, it is not common to determine this type of compounds in wastewater discharges and, therefore, their environmental impact is unknown.



The concentration of d-Limonene in the wastewater discharge is a parameter that is not measured at the plant. Therefore, it was assumed that the amount present in the wastewater discharge would be the same amount added to the cooling tower water due to the compound’s insolubility in water.



The results of the analysis, depicted in Figure 11, show that there is an increase of the pollutant in water, which is reflected only in three categories of toxicity: HT (17.48%), FET (82.48%), and MET (0.83%). The rest of the categories were not affected.




3.2.4. LCA Considering the Presence of D-Limonene in the Cooling Tower Wastewater Discharge


An LCA of the electricity generation process was performed considering, this time, that the presence of d-Limonene in the cooling tower water discharge to see its effects. Then, the results of this analysis were compared to the LCA results obtained under the initial operating conditions (without d-Limonene).



Figure 12a shows that the impact of d-Limonene to HT, FET, and MET that had been detected in the sensitivity analysis is still present when considering the IX, RO, water–steam cycle, cooling system, and maintenance work stages in the evaluation of the electricity generation process.



After normalizing the results, it can be seen that the already high impact on HT, FET, and MET under the initial operating conditions is increased by the presence of d-Limonene (see Figure 12b).






4. Conclusions


An LCA of the electricity generation process was carried out to determine the environmental impacts of the chemicals used for water conditioning in a CCGT plant. The process was broken down into stages, which were analyzed separately. In each stage, the materials/processes that had the highest contribution to the impact categories were identified.



Our results showed that most affected categories were related to water and toxicity to the environment and living organisms. Water depletion (9.77 × 10−1 m3/MWh) was caused mainly by the high volume of water consumption in the cooling systems and the reverse osmosis process; ecotoxicity—freshwater (8.49 × 10−3 kg 1,4-DB eq/MWh), marine (7.35 × 10−3 kg 1,4-DB eq/MWh), and terrestrial (4.92 × 10−5 kg 1,4-DB eq/MWh)—and human toxicity (1.1 × 10−1 kg 1,4-DB eq/MWh) were due to the manufacture and consumption of the chemicals used.



Not surprisingly, the high contribution of the fuel cycle overshadowed the contributions of the rest of the stages to the impact categories. However, these are the stages to which chemicals are added. Some of these substances are toxic to aquatic organisms. The effects of the likely presence of d-Limonene, a bio-dispersant, in the wastewater discharge were identified through a sensitivity analysis. The results showed that this chemical increases the already high contributions to human toxicity, freshwater and marine ecotoxicity. Unlike hydrazine, which is known for its adverse effects on the environment and has been identified as a pollutant, the rest of the organic compounds used for water conditioning could be considered as emerging pollutants. Further research should be done to investigate their effects as they could potentially leave traces in wastewater discharges.



It is essential to identify these toxic compounds and quantify their presence in the environment and living organisms to create models for assessing their impact. The lack of models for some chemicals made it difficult to obtain better results as the use of limited data provides only a rough estimate of the impacts. However, these first approximations can yield some insight into the potential effect of the compounds under study. By creating more robust databases, the results obtained by applying the LCA methodology would provide a more complete picture of the impact of these substances on the environment. Hence, the importance of this study is twofold: first, the data that was generated could contribute to the expansion of environmental datasets as the study was carried out in a Mexican power plant; and, second, this study identifies the effects of commonly-used chemicals in power plants—effects that, to our knowledge, have never been reported before.



This methodology approach, in conjunction with the block diagram proposed, could be applied to evaluate other electricity generation technologies and find better production alternatives that use less harmful chemicals for water conditioning, reduce environmental impacts, lower electricity generation costs, and make the processes more efficient. By fostering a closer link with academia, public and private sectors could work with researchers to align their work with these goals.



In addition, government authorities could use these results to define guidelines with stricter discharge parameters to be included in environmental assessments.



Furthermore, it is important to let consumers know about the environmental impacts that the electricity generation process causes and the close link between water and energy. In this way, a culture of electricity optimization and consumption can be encouraged to protect our environment, reducing the impact on climate change, water consumption, and toxicity to humans and other living organisms.



Water is essential for supporting life, and it is a key resource for economic development. The threat of water scarcity highlights the need for a more efficient and responsible water resource management to preserve the health of aquatic ecosystems, within a sustainability framework.



By 2032, the demand in Mexico for water and energy will increase, and the construction of CCGT plants will continue to grow because of their high efficiency. CCGTs are expected to generate 246,990 GWh of electricity, which would require, at least, a yearly consumption of approximately 46 t of cyclohexylamine for water conditioning. This is just one of the many toxic chemicals used for this process by this type of technology.



For this reason, it is imperative to protect our water resources and implement new public policies aimed at achieving energy efficiency in the production and consumption of electricity and the development of innovative water-treatment technologies.



LCA, without a doubt, is a powerful tool. Even though it contains a particular value of uncertainty, this methodology helps to identify the potential environmental impacts, providing information that can be used as input for further research.
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Appendix A. List of Acronyms, Initialisms, and Chemical Symbols










	
	Name
	
	Name



	C2H4
	Ethylene
	LCI
	Life Cycle Inventory Analysis



	C2H6
	Ethane
	LCIA
	Life Cycle Impact Assessment



	CCGT
	Combined-Cycle Gas Turbine
	m3
	Cubic meters



	CFC
	Chlorofluorocarbon
	MWh
	Megawatt hour



	CH4
	Methane
	N2
	Nitrogen



	CO
	Carbon monoxide
	N2O
	Nitrous oxide



	CO2
	Carbon dioxide
	NaClO
	Sodium hypochlorite



	DB
	Dichlorobenzene
	NaOH
	Sodium hydroxide



	EPA
	Environmental Protection Agency
	NH3
	Ammonia



	eq
	equivalent
	NMVOC
	Non-Methane Volatile Organic Carbon Compound



	Fe
	Iron
	NO2
	Nitrogen dioxide



	GLO
	Global dataset
	NOx
	Nitrogen oxides



	GWh
	Gigawatt hour
	P
	Phosphorus



	GWP100
	Global Warming Potential, 100 years
	PFC
	Perfluorocarbon



	H2S
	Hydrogen sulfide
	pH
	Potential of hydrogen



	H2SO4
	Sulfuric acid
	PM10
	Solid or liquid particles between 2.5 y 10 µm



	HFC
	Hydrofluorocarbon
	ReCiPe
	Initials of the institutes that contributed to the development of this method: RIVM and Radboud University, CML, and PRé Consultants



	HPAA
	Hydroxyphosphonoacetic acid
	RER
	Europe dataset



	HRSG
	Heat Recovery Steam Generator
	RO
	Reverse Osmosis



	ISO
	International Organization for Standardization
	RoW
	Rest-of-the-World dataset



	IX
	Ion Exchange
	SimaPro
	System for Integrated Environmental Assessment for Products



	kJ
	Kilojoules
	SO2
	Sulfur dioxide



	kWh
	Kilowatt hour
	U235
	Uranium 235



	LCA
	Life Cycle Assessment
	VOC
	Volatile Organic Compound
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Figure 1. Block diagram of the electricity generation process in the Combine-Cycle Gas Turbine (CCGT) plant. 






Figure 1. Block diagram of the electricity generation process in the Combine-Cycle Gas Turbine (CCGT) plant.



[image: Sustainability 11 02912 g001]







[image: Sustainability 11 02912 g002 550]





Figure 2. Input and output data inventory. 
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Figure 3. Contribution of all the stages to the impact categories: (a) characterization; (b) normalization. 
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Figure 4. Contribution of the stages, excluding the fuel cycle, to the impact categories: (a) characterization; (b) normalization. 
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Figure 5. Contribution of materials and activities in the cooling system to the impact categories: (a) characterization; (b) normalization. 
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Figure 6. Contribution of the compounds used in the water–steam cycle: (a) characterization; (b) normalization. 
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Figure 7. Contribution of maintenance works and the Ion Exchange and Reverse Osmosis plants to impact categories: (a) characterization; (b) normalization. 
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Figure 8. Contribution of the fuel cycle to impact categories: (a) characterization; (b) normalization. 
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Figure 9. Sensitivity analysis: comparison of different water treatment processes. 
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Figure 10. Comparison of the impacts caused by adding different compounds to the boiler feedwater treatment to prevent corrosion and control the pH level during the water–steam cycle. 
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Figure 11. Comparison of the impacts caused by the presence or the absence of d-Limonene in the cooling tower wastewater discharge. 
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Figure 12. Life Cycle Assessment (LCA) of the electricity generation process considering initial operating conditions vs. considering also the presence of d-Limonene in the wastewater discharge: (a) characterization; (b) normalization. 
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Table 1. Combined-Cycle Gas Turbine (CCGT) plant characteristics.
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	Operating Conditions
	Amount
	Unit





	Gross power
	196.21
	MW



	Gross efficiency
	52.67
	%



	Gross heat rate
	7041
	kJ/kWh



	Net heat rate
	6836
	kJ/kWh



	Daily natural gas consumption
	1,076,046
	m3/day



	Own uses
	2.92
	%



	Monthly electricity produced
	141,271.2
	MWh/month



	Life time
	25
	years
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Table 2. Natural gas composition.
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	Element/Compound
	Symbol
	Volume %





	Hydrogen
	H2
	0.36



	Oxygen
	O2
	0.07



	Nitrogen
	N2
	3.61



	Carbon Monoxide
	CO
	0.09



	Carbon Dioxide
	CO2
	0.34



	Methane
	CH4
	87.0



	Ethane
	C2H6
	8.46



	Ethylene
	C2H4
	0.03



	Hydrogen Sulfide
	H2S
	0.04



	Total
	
	100







Fuel: Initial temperature of 25 °C.
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