Analysis of hybrid photovoltaic and coffee waste biomass systems to obtain energy for different applications in rural
zones.
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The growing global demand for energy and the urgent need to reduce greenhouse gas emissions have driven the search for
renewable and sustainable sources of power generation [1]. Energy access and supply reliability remain significant challenges
in rural regions, where dispersed populations and agricultural activities increase the demand for decentralized energy solutions
[2][3]. In many coffee-producing areas such as Central Region (high Mountains of Caldas) and Noth, energy requirements for
agricultural and post-harvest processes coexist with the generation of considerable quantities of agro-industrial residues [4].
Coffee cultivation and processing generate lignocellulosic and organic by-products that can serve as feedstocks for integral
bioenergy and bioproducts generation through a biorefinery approach. The sun availability in tropical countries could be
considered together with biomass potential to produce energy. The integration of photovoltaic electricity generation with
biomass conversion pathways provides an opportunity to develop stable hybrid renewable systems capable of supporting rural
energy supply while enabling the valorization of coffee agro-industrial residues within circular bioeconomy frameworks [5].
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Figure 1. Graphic Abstract.

This study evaluated hybrid photovoltaic—biomass configurations using two coffee residues: spent coffee grounds (SCG) and
coffee cut-stems (CCS). Biomass samples were collected in the department of Caldas in the central region of Colombia (5.0703°
N, —=75.5138° W) and in Montes de Maria, Sucre, in the northern region of the country (9.75° N, —75.25° W). Solar resource
availability was assessed through in-situ radiation measurements using a radiometric sensor in the central region. Operational
photovoltaic indicators, including electricity generation, self-consumption efficiency (ns), and self-sufficiency ratio (SSR),
were analyzed to assess the performance of the solar subsystem.

Different biomass conversion pathways were implemented according to the physicochemical characteristics of each residue.
Coffee cut-stems (CCS) were processed through dilute acid pretreatment using 2% H2SOa4 at 120 °C, followed by enzymatic
hydrolysis using Celtic® CTec2 enzymes to produce fermentable sugars [6], [7]. The hydrolysates were fermented using
Saccharomyces cerevisiae under anaerobic conditions at 37 °C. In parallel, CCS was evaluated through thermochemical
conversion via gasification at 700-900 °C to produce synthesis gas for heat and power generation. The air equivalence ratio
(ER) was adjusted within the range of 0.2 to 0.35 to balance syngas yield and heating value, following previous preexperimental
guidelines. Syngas produced was sampled and analyzed by gas chromatography to quantify the main components (CO, H,
CHa, and CO2). Spent coffee grounds (SCG) were first subjected to solid—liquid extraction using ethanol as solvent at 45 °C,
at a concentration of 50 (%w/w), with a 1:15 ratio to recover phenolic compounds [10]. The residual solid fraction was
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processed through anaerobic digestion under mesophilic conditions, 37 °C, for biogas production [11]. The quantitative
composition of the biogas was determined using a GASBOARD-3100P Portable Gas Analyzer (Hubei Cubic-Ruiyi Instrument
Co., Ltd.). Based on the principle of non-dispersive infrared absorption (NDIR) for detecting CHs and CO:, and employs
electrochemical sensors for measuring O: and H-S.

Process integration and mass-energy balances were evaluated using Aspen Plus V15, allowing the assessment of different
biorefinery configurations combining photovoltaic generation with biomass valorization routes. Technical and economic
indicators, including energy efficiency, self-sufficiency ratio (SSR), net present value (NPV), internal rate of return (IRR), and
minimum selling price of products, were analyzed to determine the feasibility of hybrid photovoltaic—biomass systems for
decentralized energy production in coffee-growing regions.

As results the measured irradiance values showed an average radiation of 407 W/m?, and maximum values close to 990 W/m?,
which were compared with data obtained from a meteorological station in Manizales to evaluate deviations between local
measurements and reference datasets. Additionally the efficiency of the solar panels was close to an average of 18% based on
the weather conditions’ dispersity. Ethanol yields in the range of 0.32 g ethanol/g glucose were achieved in agreement with the
literature [8],[9]. The obtained extracts exhibited a total phenolic content of 13.196 + 4.89 mg gallic acid/g dry CSG, total
flavonoids of 0.267 + 5.80 mg quercetin/g dry CSG, DPPH inhibition of 53.90 + 0.003%, and ABTS inhibition of 72.38 +
0.038%, indicating significant antioxidant capacity. Different scenario configurations confirmed the convenience of using
Hybrid systems based on technoeconomic indicators.
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