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Wastewater treatment is a necessary process, with which healthier ecosystems, better quality of life and health, as well as other positive effects, can be guaranteed. The treatment is carried out through different phases in which physicochemical and microbiological processes are involved in order to remove contaminants such as organic matter, suspended solids, nitrogen, phosphorus, infectious agents and others; On the other hand, wastewater treatment systems need energy supply to carry out some processes, such as oxygen supply in biological treatments, pumps for the transport of wastewater or sludge, temperature regulation for anaerobic processes, and other operations. Due to various effects that have occurred in recent years due to climate change, concern has increased and is leading to the search for alternatives to help mitigate it. From the concept of wastewater treatment, it is sought to direct these systems towards sustainability, by increasing the capacity for energy self-sufficiency. Regarding the energy consumption of a wastewater treatment system, this implies between 25% and 40% of the operating costs (OPEX) of the entire treatment system; It is estimated that to treat one m3 of wastewater, between 0.3 Kw/h and 2.1 Kw/h are consumed (Gikas, 2017; Panepinto, Fiore, Zappone, Genon, & Meucci, 2016)
In Colombia, according to the Superintendency of Domiciliary Public Services, of the 1,122 municipalities only 541 have wastewater treatment systems, that is, 51.8% of the country's municipalities do not have these systems, in the same way there is similarity between The most remote areas of the country, in the sense that they do not have appropriate wastewater treatment systems, do not have a solid energy matrix or even do not have access to it, due to this, the need to implement projects that incorporate alternatives increases. for the generation of energy to wastewater treatment systems, thus increasing the coverage of said systems in areas not interconnected to the national electricity grid (NIZ) or improving the coverage of the service in places that have it.
This study performs an economic analysis for the supply of photovoltaic energy to wastewater treatment system (WWTS), that are not yet projected or are in the design phase, a random sample of fifteen (15) different flows was selected which can be applied, either to areas of the country that has good quality electrical interconnection or to isolated regions of the country with difficulties in access to energy. Additionally, the energy consumption of simulated treatment systems was estimated, studying technological alternatives for aerobic treatment systems. Therefore, 15 simulated treatment systems were analysed for methodological purposes with flow rates between 0.5 l/s and 480 l/s. The expected result is a response surface to a mathematical model, which indicates whether it is economically viable to have a partial supply of photovoltaic energy, depending on the flow of wastewater to be treated and the type of aerobic technology used for wastewater treatment, seeking to encourage the analysis of self-generation with photovoltaic energy in the design processes of future (WWTS) to be built in the country.
Introduction
This research stems from concern about the negative environmental impact, caused by three different but related factors: the low rate of wastewater treatment in Colombia, with negative effects on ecosystems, the use of conventional energy for the operation of wastewater treatment plants, in municipalities of the country that have systems or that are in the formulation and design phase of the same, and finally the isolated areas that are not interconnected to the national electricity grid (NEG) due to it’s geographical location, which has an impact on climate change.
Due to this, the task of seeking an alternative energy supply was undertaken, for the wastewater treatment process, through the self-generation of photovoltaic solar energy, with the purpose of proposing a favourable proposal from the environmental and economic point of view, that can encourage the different stakeholders in the subject, to consider this possibility as a viable solution to the problem raised, especially in those municipalities of the country located in non-interconnected areas (NIZ).
The method used to develop the research is based on the design of mathematical models, capable of determining the energy consumption of wastewater treatment plants, making simulations for different levels of flow to be treated, as well as to establish the number of panels solar energy required for energy supply based on different percentages of self-generation of photovoltaic energy, to finally establish the values ​​(determined by the response variable Net Present Value NPV) in which this alternative is viable.
To develop this research, it begins with the conceptual and theoretical synthesis about the subject to be treated, which served as the basis for the design of the mathematical models mentioned above.
This work ventures into a new field of research, for which the existing literature on the specific topic is scarce, on the other hand, in its development, multiple questions appeared that, when resolved, sometimes led to new questions to be resolved.
Materials and methods
Type and focus of research
This research was carried out through an applied type of study, which consisted of creating new knowledge from bases acquired through research, the information obtained can be applied anywhere, because it offers opportunities of great importance for its dissemination.
The focus of this research was quantitative, since it aimed to carry out a mathematical design that would allow different numerical variables to be related, which, when analyzed, allowed us to infer different conclusions.
Techniques and instruments
The techniques used were based on the reading and content analysis of various authors, which allowed having a wide margin of selection of mathematical models to follow, in the same way, with this analysis the subject was deepened until it was possible to determine the base line of each one of the authors, to make the selection of the method that was considered most successful.
To achieve the stated objectives, it began with the review of existing mathematical models, which have been used over time to model processes in wastewater treatment systems, the process selected to be modelled was the biological reactor, because this is the process that represents the highest energy consumption compared to other processes, it was modelled considering two types of reactors, continuous stirred tank (CSTR) and plug flow (PFR).
The selected mathematical model made calculations for 30 biological reactors, simulated water treatment plants with flows ranging from 0.5 to 480 L/s, the modelling was carried out considering fifteen (15) flows for the CSTR reactor. And fifteen (15) flow rates for the PFR reactor. It was decided to model the biological reactor process considering that this is the process with the highest energy consumption due to the compressors that are required to send air and guarantee an adequate biological process.
The number of flows that it was decided to use for this investigation was fifteen (15), considering that it offered a sufficiently wide and representative range of flow selection to obtain the required data, which were analysed and compared to achieve the solution of the problem. hypothesis raised, it was also determined that the research obtained a wide range of research that in the future can be analysed and contrasted in another research that may arise from it.
The range of flows selected to obtain the energy demands ranges between 0.5 and 480 L/s since the main treatment plants of the intermediate cities of Colombia are in this range, due to the fact that they are common flows in the country and can be simulated with other plants in the design phase or that have already been designed, the flows that fall outside this range can serve as a basis for future studies and designs, based on the model developed as a result of this research or other models that can be based on this study.
The process of elaboration of the research project began with defining, from the consulted literature, the existing mathematical models to be considered, in order to select the most robust and most used model for its recognitions, in the same way, it was carried out investigation of the typical characteristics of domestic wastewater in Colombia, in terms of the following parameters: COD, BOD5, and total suspended solids, in order to develop the model with typical parameters and thus generate sufficiently reliable results.
Next, the identification of the main equipment that is part of the WWTS and that involves energy consumption for aerobic treatment using activated sludge technology was carried out, to develop the mathematical model around said equipment; As a result, the equipment selected for modelling was biological reactors due to their energy consumption by compressors for air supply.
Standardized design parameters were defined for a wastewater treatment system so that they comply in terms of design with the characteristics of standard 0631 of 2015, for BOD5. Subsequently, the mathematical model was designed and executed in the Excel tool, which allowed the formulation of said models; the continuous flow reactor (CSTR) was developed under parameters used by Romero Rojas in his book "Treatment of wastewater" in the same way, the mathematical model of the plug flow reactor (PFR) was developed taking as a guide the approaches of Álvaro Orozco described in his book "Wastewater Bioengineering" and "Wastewater Engineering Treatment and Reuse" by Metcalf & Eddy
The elaborated model raised different assumptions that allowed the objective to be achieved, which were applied to all the simulated flows. The assumptions that were considered for the elaboration of said model are listed below:
Continuous Flow Reactor (CSTR) Model
1) Standard temperature for all flow rates. 2) Width-depth relationship. 3) Cell retention time. 4) Volatile Suspended Solids in the Mixing Liquor. 5) Relationship food - microorganisms. 6) Concentration of total solids of the settled sludge. 7) Suspended solids in the effluent.
Plug flow reactor (PFR) model
1) Standard temperature for all flow rates. 2) Width-depth relationship. 3) Cell retention time. 4) Sludge concentration in the reactor. 5) Concentration of total solids of the settled sludge. 6) Suspended solids in the effluent. 7) Sludge Volume Index (SVI)
The developed model allows the assumptions to be presented as modifiable data, to be able to simulate different environments and thus be able to compare the locally results, with known data from other plants that have been built or are in the process design; the elaborated mathematical model gives different results because it also provides design data of the reactors. For each simulated reactor, a certain required power was obtained, necessary to continue with the photovoltaic calculations.
Subsequently, a table of loads was elaborated, based on the estimation of the energy consumption required by the 15 simulated treatment systems, using aerobic technologies, these energy loads were necessary for the calculation of the number of solar panels and other equipment necessary for the photovoltaic systems.
After obtaining the load table of the estimated energy of each of the plants, the compilation of said information was carried out, as well as the cost data of the different photovoltaic energy production systems: panels, inverters, regulator, wiring, installation, structure, for different installed capacities and that are commercially offered.
The reason why the CSTR reactor has lower energy consumption compared to the PFR reactor is because the oxygen required throughout the reactor is higher due to its length and also because the behaviours of the mixed liquor is not totally mixed like the of the CSTR, if not that it behaves like a piston, it can be compared to hermetic packages that run through a pipe without mixing with each other, thus, more oxygen is required to achieve the necessary biological activity in each of these packages.
To obtain the average solar radiation of the location where the fifteen (15) wastewater treatment plants could be, IDEAM databases were consulted where said information was found, which was contrasted with the NASA database where it was also found information on solar radiation during peak hours, so that the chosen solar radiation was the average.
Based on the energy demands of the plants, a micro-network model was made, which allowed determining the number of panels and inverters necessary to cover the energy demand fully or partially. In this model, the evaluation of ten (10) different consumptions between 0% and 100% of the energy demand of each of the previously modelled plants, the evaluation of the consumptions had the purpose of determining the optimal value in which it is feasible from the economic point of view, supply the plant with self-generation of photovoltaic energy.
On the other hand, an inflation value was also calculated for the cost of energy over time, making the projection for a period between 2020 and 2040, this estimate was made using a linear model which worked adequately, equally The inflation value for the cost of labour required in the maintenance of the photovoltaic system was projected for the same period of time based on the linear model used for the cost of energy, the estimate was made based on the historical data of the CPI , which allowed us to infer the behaviour of the same, the data was obtained from the Bancolombia group, the estimated values ​​served to have costs more approximate to reality, in the periods of time mentioned and thus determine the feasibility of the project in development.
[bookmark: _Hlk99737059]Once the inflation values ​​were estimated, the formulation of the net present value (NPV) was carried out, this being a useful tool for the evaluation of projects, which allowed us to carry out a sensitivity analysis of the opportunity cost, for the different powers to self-generate in (kWh); The best net present value (NPV) data was found for each modelled network using the previously estimated inflation values.
Finally, the NPV of the self-generation systems was related, according to the treatment flow of the simulated plants, each of the results obtained was modelled by means of response surfaces, this methodology being the appropriate one to present said results, In the same way, the costs of self-generated kWh were compared with the commercial costs of conventional energy in a timeline between 2020 and 2040.
Results and discussion
Results of the CSTR reactor model.
The results found in this research project were presented graphically because it allows presenting and interpreting the data obtained in a simple way, the following graphs show the behaviour of the net present value (NPV) evaluating different percentages of self-generation of photovoltaic energy for sewage treatment plants.


Graph 1. Percentage of self-generation Vs Net present value minimum flow CSTR


[bookmark: _Hlk99743199]Graph 2. Percentage of self-generation Vs Net present value maximum flow CSTR
The graphs in which the percentage of self-generation are greater than 100%, that is, the total energy required, is due to the fact that the present study analysed the feasibility of the implementation of solar panels for the total supply of energy, therefore which the installed capacity is oversized to avoid a bias when making the comparison with the other results, in the same way, the energy that is generated and is necessary due to oversizing, is taken into account as energy that is sold to the net.
The NPV at an opportunity rate of 12% for the different percentages of self-generation gave negative results except for a couple of cases (flow of 2 l/s with 50% energy supply and 3 l/s with a 60% of energy supply) where profitability was evidenced, although with very low values compared to its investment.
For an opportunity rate of 20%, no profitability was found for any flow rate or percentage of self-generation.
Like the reactor model (CSTR), three different percentages of opportunity rates were taken to be able to evaluate the best opportunity rate for self-generation of photovoltaic energy for wastewater treatment plants. The graphs show that profitability can be obtained at an opportunity rate of 10%, for self-generation supply percentages greater than 50% of the total demand, for any level of flow. On the other hand, it is observed that the highest profitability is obtained for all flows, in percentage of supply by self-generation between 70% and 90%.
To make an investment in a construction project of a wastewater treatment system with partial energy supply by self-generation of photovoltaic solar energy, access to any form of financing by those interested in carrying out the project must be equal to or less than 10% effective annual.
The profitability obtained varies depending on the flow rate and the type of reactor used, the average profitability for the CSTR reactor is 12.7% of the value invested while for the PFR reactor it is 6.5% of the value invested in a horizon of 20 years, in this way, the reactor model that offers a more optimistic scenario -from the financial point of view- at the moment of self-generating photovoltaic energy is the CSTR, this due to the fact that the power required is less, which translates a lower CAPEX than that of a PFR reactor.
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Graph 3. Percentage of self-generation Vs Net present value minimum flow PFR
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Graph 4. Percentage of self-generation Vs Net present value maximum flow PFR
According to the sources consulted in the world context, the energy used to treat wastewater is in the range of 0.5 and 2 kWh/m3, through the project carried out it was determined that in the research context the energy consumption for each meter cubic of water is in the range of 0.3 and 0.5 kWh, this consumption was obtained depending on the type of activated sludge reactor selected, according to this, the results obtained are within a very close magnitude range. According to the research "The feasibility and challenges of energy self-sufficient wastewater treatment plants" in which they studied the energy consumption of WWTPs together with the factors that influence their energy use, including treatment techniques, treatment and regional differences, results were obtained such as those found in graphs 1 and 2 of this study, where the flow rate is plotted vs. the kWh/m3 used, the comparison of the results with those obtained in this study is found in the same orders of magnitude which generates a higher reliability margin of the study carried out.
Conclusions
The most optimal reactor to treat wastewater supplied by photovoltaic solar energy is the continuous flow stirred reactor (CSTR), this can be evidenced by the mathematical model developed in which the capital costs necessary for a plug flow reactor are higher in all the flows studied. Partial energy supply to wastewater treatment plants is possible through the self-generation of photovoltaic solar energy, obtaining economic profitability.For this type of project to be economically viable, the profitability generated by the project must be at least equal to that obtained in the development of the simulations using the model developed in which the NPV produced results given in positive numbers.These types of projects have a social impact, which are aimed at improving the quality of life of the communities. For this reason, it is possible to propose measures such as urging the national government to generate incentives aimed at improving the Colombian energy matrix, this is an issue that has been booming in different places. The incentive should focus on reducing costs related to CAPEX, that is, reducing taxes and tariffs generated for panels, inverters, cables, batteries, and other elements that make up a photovoltaic system to achieve a decrease in the investment that is needed to access these systems. If it is possible to increase the incentives or improve the sale price of energy to the network, the opportunity costs will increase; Colombia is one of the countries that bet on renewable energies.
The economic study is implemented with action plans framed to improve and expand the current energy matrix, hand in hand with municipalities and communities willing to develop self-generation photovoltaic energy projects for wastewater treatment plants.
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Flow rate 1 l/s

NPV 10%	1.0384399557248873	0.92913048670121501	0.81982101767754267	0.71051154865387034	0.60120207963019789	0.54654734511836178	0.43723787609468945	0.327928407071017	0.21861893804734472	0.10930946902367236	834368.84547320753	1707581.3659987748	2180694.0247473381	2253706.8217189386	1926619.7569135539	1613038.7763445005	685801.9188736435	-641534.80037418753	-2368971.3813990038	-4496507.8242007969	NPV 12%	1.0384399557248873	0.92913048670121501	0.81982101767754267	0.71051154865387034	0.60120207963019789	0.54654734511836178	0.43723787609468945	0.327928407071017	0.21861893804734472	0.10930946902367236	-2827770.2831276879	-1712808.2998306938	-945714.80830541253	-526489.80855181813	-455133.30056994222	-549905.73099338636	-1000351.9606690705	-1798666.6821164526	-2944849.8953355514	-4438901.6003263509	NPV 20%	1.0384399557248873	0.92913048670121501	0.81982101767754267	0.71051154865387034	0.60120207963019789	0.54654734511836178	0.43723787609468945	0.327928407071017	0.21861893804734472	0.10930946902367236	-11813627.038552806	-10105940.161166579	-8618403.7979477625	-7351017.9488963392	-6303782.6140123308	-5862721.3893831018	-5145711.825750201	-4648852.7762847012	-4372144.2409866098	-4315586.2198559204	



Flow rate 400 l/s

NPV 10%	1.0000036917844326	0.90008511134850189	0.80003021634171712	0.70011163590578607	0.6000567408990013	0.5000018458922163	0.40008326545628548	0.30002837044950065	0.20010979001356968	0.10005489500678484	320126598.75119019	666146308.78168678	878227556.57664108	966165176.75786018	909619787.35858822	728848093.90781116	404124720.09704018	-55452181.547957897	-638257645.20799875	-1366461184.047224	NPV 12%	1.0000036917844326	0.90008511134850189	0.80003021634171712	0.70011163590578607	0.6000567408990013	0.5000018458922163	0.40008326545628548	0.30002837044950065	0.20010979001356968	0.10005489500678484	-1116496661.6880302	-675966919.81309319	-351712660.1016283	-134244696.46564579	-43548985.651022911	-59533582.425550461	-202184209.33621407	-461905926.00758743	-827618331.15719604	-1320898596.7254174	NPV 20%	1.0000036917844326	0.90008511134850189	0.80003021634171712	0.70011163590578607	0.6000567408990013	0.5000018458922163	0.40008326545628548	0.30002837044950065	0.20010979001356968	0.10005489500678484	-4641609655.8056374	-3969397703.871439	-3370270300.5020962	-2835487232.7531118	-2384168658.9962449	-1996626306.9698215	-1693483302.288085	-1463928350.8741379	-1298214230.3776126	-1216468108.5761433	
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