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Abstract

The development of renewable and low-carbon gases for injection into the gas grid obtained by different processes such as anaerobic digestion, pyrogasification, hydrothermal gasification and methanation, followed by upgrading steps, increases the demand of analysis and characterization in order to fully manage their integration into the gas value chain. If the analysis of the main compounds (methane, carbon dioxide, hydrogen, carbon monoxide) is well described, the analysis of impurities in renewable gases remains more challenging due to their various natures and quantities.

After a brief description of renewable and low-carbon methane production processes, the review focuses on the methods used for the analysis of the different compounds in renewable gases, from the main ones to impurities at ppbv levels. Gas chromatography, coupled with different detectors, is the preferred technique, enabling the analysis and quantification of siloxanes, terpenes, oxygenates and sulfur compounds. Recently, comprehensive twodimensional gas chromatography has been applied to renewable gases, increasing the number of compounds detected. Non chromatographic techniques are also reviewed. As the sampling is of major importance in the search of reliable analyses, a whole section is devoted to this aspect. Among the available methods, pre-concentration on adsorbent tubes emerges as the most relevant solution.

Keywords

Renewable gases, Gas chromatography, Impurity analysis, Gas sampling, Volatile organic compound

Introduction

The French Environment and Management Agency (ADEME) provided several energetic scenarios in France where renewable gases from anaerobic digestion, gasification and methanation are key vectors for the success of the energy transition [START_REF]Prospective -Transitions 2050 -Rapport[END_REF].

Non purified renewable gases, such as biogas or syngas, are complex mixtures containing well known main compounds: syngas: CH4, CO2, CO and H2 [START_REF] Heiskanen | The effect of syngas composition on the growth and product formation of Butyribacterium methylotrophicum[END_REF]; biogas: CH4, CO2, H2O, H2S [START_REF] Rasi | Biogas composition and upgrading to biomethane[END_REF].

Biogas is the result of anaerobic digestion of household waste, sewage sludge or various biomasses (Figure 1). After purification steps to remove by-products, biomethane with the required quality for injection into gas grids can be obtained. Other ways of obtaining renewable methane via the production of syngas are under development, such as pyrogasification [START_REF] Block | Copyrogasification of Plastics and Biomass, a Review[END_REF] or hydrothermal gasification [START_REF] Schmieder | Hydrothermal gasification of biomass and organic wastes[END_REF]. Pyrogasification and non-catalytic hydrothermal gasification can be coupled with a methanation unit to promote the conversion of syngas into synthetic methane [START_REF] Bouallou | Modeling and simulation of CO methanation process for renewable electricity storage[END_REF], commonly called biomethane when the feedstock used is biomass. Besides the main compounds, renewable gases may also contain organic and inorganic impurities, depending on the type of production, purification and inputs. Impurities are also found in natural gas [START_REF] Wu | Impacts of Gas Impurities from Pipeline Natural Gas on Methane Storage in Metal-Organic Frameworks during Long-Term Cycling[END_REF][START_REF] Kvamme | Hydrate Formation during Transport of Natural Gas Containing Water and Impurities[END_REF].

The presence of impurities could be challenging for gas systems producers, operators and users [START_REF] Wu | Impacts of Gas Impurities from Pipeline Natural Gas on Methane Storage in Metal-Organic Frameworks during Long-Term Cycling[END_REF]. It is therefore necessary to identify and quantify trace compounds in renewable gases in order to optimize the whole gas value chain.

In the present review, renewable gas analysis described in the literature will be presented with a particular focus on organic impurities (among them, alkanes, alkenes, aromatic hydrocarbons, oxygen-organic compounds, siloxanes, halogenorganic compounds and sulfurorganic compounds). As sampling is the first and the most critical step in the analytical chain to ensure reliable results, a section of this review will be dedicated to this major issue. The material and methods used will be critically described: advantages, drawbacks and missing points will be underlined.

Renewable gas production processes

Renewable and low-carbon gases can be produced using different processes. The type of process could be anaerobic digestion, pyrogasification, hydrothermal gasification or methanation. Weiland et al. reviewed biogas production through anaerobic digestion; the biochemical process was described [START_REF] Weiland | Biogas production: current state and perspectives[END_REF]. The product of pyrogasification and hydrothermal gasification [START_REF] Matsumura | Recent Advances in Thermo-Chemical Conversion of Biomass[END_REF], a mixture of CH4, CO2, H2 and CO, is called syngas. Biomass gasification in order to produce syngas was described by Richardson et al. [START_REF] Richardson | Recent Advances in Thermo-Chemical Conversion of Biomass[END_REF]. The chemical process of decomposing sewage sludge waste by hydrothermal gasification was described by He et al. [START_REF] He | Hydrothermal gasification of sewage sludge and model compounds for renewable hydrogen production: A review[END_REF]. The yield of methane produced by hydrothermal gasification depends, among other operating conditions, on the temperature and pressure applied [START_REF] Shahbeik | Synthesis of liquid biofuels from biomass by hydrothermal gasification: A critical review[END_REF]. Methanation consists in converting carbon dioxide, carbon monoxide and hydrogen into methane. Research work on methanation and pilots has been documented by Rönsch et al. [START_REF] Rönsch | Review on methanation -From fundamentals to current projects[END_REF]. Renewable gases can be produced from a vast variety of raw materials. Indeed, inputs for biogas and biomethane production come from agricultural waste, municipal solid waste, sewage sludge, landfill or wastewater. In the case of syngas and synthetic methane, inputs can come from wood wastes, solid recovered fuels, liquid residues, as well as from renewable electricity. A scheme with examples of different production ways of biomethane and syngas is presented in Figure 1.

Figure 1: Examples of renewable gas production process

The type of process, its operating conditions and the source/feedstock influence the composition of the renewable or low-carbon gas, not only the percentage of the main compounds but also the nature and the amount of impurities [START_REF] Rasi | Biogas composition and upgrading to biomethane[END_REF][START_REF] Rasi | Trace compounds of biogas from different biogas production plants[END_REF][START_REF] Elliott | Catalytic hydrothermal gasification of biomass. Biofuels Bioprod[END_REF].

Renewable gas sampling

As for any other gas matrix, the first step in the renewable gas analysis process is sampling. This step is challenging owing to the possible loss of a part of the sample (e.g., leakage or condensation in vessels) and therefore it might lead to bias on the measurements, a crucial point being representativeness of the measurements.

To ensure that the measurement is representative, the sampling technique must be adapted to the targets, whether it is a specific chemical family or a wide range of compounds. As the knowledge of the amount sampled is essential, the flow rate must be stable and wellcontrolled during sampling. Finally, as analysis is not required immediately after sampling, the issue of sample storage stability must be addressed. Several sampling methods of renewable methane are reviewed below. It is worth noting that the development of new production processes leads to the need to analyze hydrogen or carbon dioxide matrices. Arrhenius et al. reviewed the current challenges and limitations of sampling these matrices, which is beyond the scope of this review [START_REF] Arrhenius | Sampling methods for renewable gases and related gases: challenges and current limitations[END_REF].

Sampling the whole gas in containers

One of the simplest sampling methods is the direct collection of gas in bags. The inner surfaces of these bags can have different chemical composition with different ability to retain compounds. Tedlar bag, made of polyvinyl fluoride (PVF), is the most commonly used [START_REF] Arrhenius | Suitability of different containers for the sampling and storage of biogas and biomethane for the determination of the tracelevel impurities -A review[END_REF][START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF][START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF][START_REF] Ghosh | Analysis of siloxanes in hydrocarbon mixtures using comprehensive two-dimensional gas chromatography[END_REF][START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF][START_REF] Dandikas | Correlation between Biogas Yield and Chemical Composition of Grassland Plant Species[END_REF][START_REF] Ge | Fungal Pretreatment of Albizia Chips for Enhanced Biogas Production by Solid-State Anaerobic Digestion[END_REF][START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF][START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF][START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF][START_REF] Dannesboe | Removal of sulfur contaminants from biogas to enable direct catalytic methanation. Biomass Convers[END_REF].

The main limitation of the use of Tedlar bags is the numerous contaminations including N,Ndimethylacetamide, phenol and acetic acid [START_REF] Trabue | Bias of Tedlar bags in the measurement of agricultural odorants[END_REF]. Nalophan bags, covered by polyethylene terephthalate (PET) are supposed to limit contamination compared to Tedlar bags [START_REF] Beghi | Use of poly(ethylene terephtalate) film bag to sample and remove humidity from atmosphere containing volatile organic compounds[END_REF]. As the contaminants could react with target compounds, Nalophan bag appeared to be a better choice than Tedlar bag [START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF][START_REF] Papurello | Natural Gas Trace Compounds Analysis with Innovative Systems: PTR-ToF-MS and FASTGC[END_REF][START_REF] Papurello | Direct injection mass spectrometry technique for the odorant losses at ppb(v) level from nalophan TM sampling bags[END_REF][START_REF] Papurello | Proton transfer reaction mass spectrometry technique for the monitoring of volatile sulfur compounds in a fuel cell quality clean-up system[END_REF]. Although not widely used for renewable gas sampling, laminated bags, made of several layers including aluminium and polyethylene, are an interesting alternative to Tedlar bags, as gases can be stored for longer periods: for example, sulfur compounds could be stored for up to 1 day without loss; after storage for 1 week, recovery was between 35 and 50% [START_REF] Kangas | Ammonia, hydrogen sulphide and methyl mercaptides in finnish municipal sewage plants and pumping stations[END_REF].

Biogas can either be sampled directly on site without pumping system (pressure on plant could be around 25 mbar [START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF]) or with an air sampling pump when the pressure in the facility is too low [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. To control the flow during sampling, portable gas flow meters can be used [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF].

Applied flow are around 0,5 -1 L/min [START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF].

Another kind of vessel for gas capture is NiCr-oxide coated canister. This vessel presents similar benefits and drawbacks as the bags. For instance, after 60 minutes of constant flow of a reference gas through the canister, a recovery of 95% ± 4% for decamethylcyclopentasiloxane (D5) was reported. The recovery achieved was higher than with Tedlar bags (75% ± 5% on average) but a part of the sample was still lost and sampling was time consuming, indeed 1 hour was needed to achieve steady state [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. Gas sampling in containers raises the issue of compound reactivity with the metal surface. To answer this matter, various passivation technologies, such as Sulfinert® passivation or silonite treatment, are proposed. They are intended to minimize the adsorption of target compounds on the surface [START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF]. Moreover, enrichment is not possible for these containers (bags and canisters), which could be problematic for trace analysis if the limit of detection (LOD) of the analytical method is too high [START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF].

Enrichment in solvents

The use of solvents is an alternative sampling method allowing enrichment. Thus, impingers were used for siloxanes collection. For instance, Piechota et al. investigated the sampling of siloxanes with different fillings of four on-line impingers (MgSO4, acetone, methanol and nhexane) placed into ice water. The use of solvents with different polarities allowed a more efficient trapping and a better sensitivity. The efficiency of the process was evaluated and best results were obtained when acetone was applied as first solvent in the line [START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF]. This sampling method was used to quantify siloxanes in biogas samples from agriculture waste, landfill and wastewater treatment plant [START_REF] Piechota | Siloxanes in Biogas: Approaches of Sampling Procedure and GC-MS Method Determination[END_REF].

Eichler et al. used methanol as solvent for siloxanes trapping in one 25 mL impinger placed inside an ice bath [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. They obtained a recovery of 104% with a standard deviation of 7% for D5. Wang et al. also used methanol to analyze siloxanes but with two 10 mL serially-connected impingers ice-rinsed in a cooler [START_REF] Wang | Investigation of volatile methyl siloxanes in biogas and the ambient environment in a landfill[END_REF]. In order to also analyze siloxanes, Raich-Montiu et al.

sampled biogas in two 25 mL impingers in series containing n-hexane and submerged into an ice-water bath [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF].

Impingers are mainly used to trap siloxanes, but they were also employed for trapping other inorganic compounds, such as inorganic sulfur compounds, inorganic acids and ammonia. For these compounds, impingers can be filled with NaOH (0.1 M) or H3PO3 (0.1 M) [START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF].

A specific technique, liquid quench sampling system (LQSS), has been developed for traces collection. Foppiano et al. [START_REF] Foppiano | Siloxane compounds in biogas from manure and mixed organic waste: Method development and speciation analysis with GC-ICP-MS[END_REF] and Calbry-Muzyka et al. [START_REF] Calbry-Muzyka | Deep removal of sulfur and trace organic compounds from biogas to protect a catalytic methanation reactor[END_REF] used isopropanol to capture siloxanes and sulfur compounds respectively.

The enrichment in solvent is specific and could easily be adapted by changing the solvent. Yet, this method requires large amounts of solvent (for instance, 80 mL of solvent per sample [START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF]).

Moreover, this method is not suitable for non-target analysis.

Adsorption on solid

Solid phase adsorption methods are based on the affinity of trace compounds for a sorbent.

The goal is to enrich the sorbent with target molecules.

Sorbent

Sorbents used for bio-sourced gas sampling can be either polymers or carbon graphitized.

Among polymeric adsorbents, XAD-2 and Tenax are the most commonly used. XAD-2 is a hydrophobic polystyrene resin. When used for siloxanes sampling, it showed better results compared to Tedlar bag [START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF]. Tenax adsorbent (poly(2,6-diphenylphenylene oxide) was used to sample trimethylsilanol (TMS) and halogenated compounds [START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF] or siloxanes [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. Eichler et al. obtained an average recovery for D5 of 109% ± 11% [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. Tenax and Carbotrap tubes permitted the sampling and analysis of volatile organic compounds, VOCs (e.g. alkanes, aromatic hydrocarbons, ketones, halocarbons, aldehydes, esters, terpenes) [START_REF] Rey | Biogas from MSW landfill: Composition and determination of chlorine content with the AOX (adsorbable organically bound halogens) technique[END_REF][START_REF] Gallego | Development of a method for determination of VOCs (including methylsiloxanes) in biogas by TD-GC/MS analysis using Supel TM Inert Film bags and multisorbent bed tubes[END_REF].

Concerning graphitized adsorbent, carbon cartridge was used to sample VOCs including siloxane [START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF]. An activated coconut charcoal sorbent was also described for siloxanes sampling [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF].

Hilaire et al. [START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF] studied emission of XAS-2 and charcoal sorbents: 33 compounds were detected as XAD-2 emission, compared with 47 for charcoal. The authors concluded that XAD-2 was preferable because it gave less artefacts. For a real biogas analysis, 216 compounds were trapped and detected using XAD-2 against 98 compounds using charcoal tube. Lower flow rates were applied for sampling biogas in tubes than in bag: flow ranged from 20 mL/min to 500 mL/min [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF][START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF].

The sorbent tubes allow efficient trapping of a large variety of compounds, except the heaviest. They are well adapted for trace analysis because they can perform preconcentration of the compounds prior to analysis. However, this method, requiring a pumping system and a controlled flowrate, is more demanding and expensive than collection in bags or canisters.

Solid-phase microextraction

Polydimethylsiloxane (PDMS), divinylbenzene (DVB) and Carboxen (CAR) fibers are used for solid-phase microextraction (SPME), mainly for siloxanes and VOCs analysis. Thus, PDMS/DVB SPME fiber was used for volatile methyl siloxanes (VMS) analysis. Gas was first collected in Tedlar bag, then the SPME fiber was exposed in headspace mode to the gas inside the bag by piercing a septum [START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF]. A CAR/PDMS fiber served for the sampling of five target VOCs in the gas phase [START_REF] Koziel | Method for sampling and analysis of volatile biomarkers in process gas from aerobic digestion of poultry carcasses using time-weighted average SPME and GC-MS[END_REF] and a DVB/CAR/PDMS fiber targeted siloxane in aliquots of digestate [START_REF] Corno | New energy crop giant cane (Arundo donax L.) can substitute traditional energy crops increasing biogas yield and reducing costs[END_REF].

Like sorbent tubes, a main advantage of SPME is its ability to pre-concentrate the sample. However, it is a quite expensive sampling method that is very fragile and requires qualification to be monitored.

Conversely to sorbent tubes, SPME samples only a small fraction of the total amount of the compounds found in the gas, due to a partition equilibrium. Moreover, the partition equilibrium varies from one compound to another and depends on several parameters, such as the temperature and competitive effects between compounds. Although SPME fibers and sorbent tubes sampling can lead to a similar determination of VOC composition, the use of sorbent tubes is preferred for trace analysis [START_REF] Tassi | Sampling and analytical procedures for the determination of VOCs released into air from natural and anthropogenic sources: A comparison between SPME (Solid Phase Micro Extraction) and ST (Solid Trap) methods[END_REF].

Combination of sampling methods

Authors have also used combinations of sampling methods, mainly a first collection in bags followed by a transfer in another vessel. Thus, as explained above, SPME could follow sampling in Tedlar bag in order to perform headspace mode collection [START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF].

Arrhenius et al. investigated the combination between sampling bio-sourced gas in Tedlar bag

and then transferring it in a Tenax tube. The transfer from the bag to the tube was performed by a gas syringe, an easy-VOC grab sampler or a sampling pump combined with a flowmeter.

In order not to underestimate concentrations, the transfer must be done at high flow rates (at least 300 mL/min). The combination of the two sampling methods would eventually allow to overcome the drawbacks of both methods (the short-term storage stability of compounds in a bag and the need for a stable flow rate for sorbent tube) [START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF].

Comparison of sampling methods

A review by Arrhenius et al. compared sampling techniques. It concluded that the optimum strategy seems to be a combination of different techniques to cover a wide range of impurities (with a wide range of boiling point, polarity, water solubility and reactivity) [START_REF] Arrhenius | Suitability of different containers for the sampling and storage of biogas and biomethane for the determination of the tracelevel impurities -A review[END_REF].

Three sampling techniques of siloxanes in biogas from wastewater treatment plants were compared: impingers filled with n-hexane, Tedlar bag and sorbent tube (activated coconut charcoal matrix) [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF]. The authors compared the standard deviation between direct sampling from the biogas source and indirect sampling from a Tedlar bag prefilled with biogas. The two configurations were confronted for the three sampling methods. Based on a F-test, no significant differences were observed between direct and indirect sampling methods. The authors determined the limit of quantification (LOQ) respectively for TMS and siloxanes for each sampling method: for the Tedlar bag: 0.4 mg.m -3 and 0.2 mg.m -3 ; for the impingers: 0.2 mg.m -3 and 0.1 mg.m -3 ; for the adsorbent tube: 0.02 mg.m -3 and 0.01 mg.m -3 . Moreover, the addition of an internal standard was possible with impingers or with adsorbent tubes but not with Tedlar bags. As a result, higher standard deviations were obtained for Tedlar bags than for impingers or sorbent tubes. Therefore, direct sampling in sorbent tubes appeared to be the best option for siloxanes quantification [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF]. Eichler et al. compared different techniques (Tedlar bags, SUMMA canisters, methanol impingers and thermal desorption (TD) tube) for sampling a reference gas containing D5. Tedlar bags and SUMMA canisters underestimated the amount of D5 while impingers and TD methods presented a better recovery (recovery of 75% ± 5%, 95% ± 4%, 104% ± 7% and 109% ± 11% respectively) [START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF]. Comparing acetone impingers, coconut activated carbon adsorbent tubes and silica gel adsorbent tubes, Wang et al. achieved higher recovery rates with adsorbent tubes for hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4) and D5. The authors also investigated the influence of storage temperature (no influence was found except for L2, hexamethyldisiloxane) and storage time (a decrease in content was only observed for D3 over a storage period of 60 hours) [START_REF] Wang | Influence of sampling methods and storage condition on volatile methyl siloxanes quantification in biogas[END_REF].

The sampling of sulfur compounds was also investigated using cylinders, bags, sorbent tubes and SPME fiber [START_REF] Brown | Sampling of gaseous sulfur-containing compounds at low concentrations with a review of best-practice methods for biogas and natural gas applications[END_REF]. Hydrogen sulfide was stable in passivated cylinders but the other sulfur compounds showed diverse stability. In sampling bags, significant losses were observed as soon as the gas was sampled. Tenax appeared to be the best sorbent for sulfur-containing compounds except for the low-molecular-weight compounds. Finally, SPME appeared as a good solution for sampling heavier-molecular-weight sulfur-containing compounds [START_REF] Koziel | Method for sampling and analysis of volatile biomarkers in process gas from aerobic digestion of poultry carcasses using time-weighted average SPME and GC-MS[END_REF].

Compounds stability in different vessels was studied by Arrhenius et al. [START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF] Cylinders offered the best stability: siloxanes, BTEX (benzene, toluene, ethylbenzene, xylene), halogenated hydrocarbons had a stable response over a few days. Tenax TA sorbent tubes offered also reliable results, but only for compounds with boiling points above 50°C. For analysis performed in the hours following sampling, bags could be used. Otherwise, it should be avoided. Arnold et al. compared measurements performed 1 hour and 1 day after sampling in Tedlar bags. For D3, L2 and L3 (octamethyltrisiloxane), recovery rate was over 95% for both 1 hour and 1 day. For D4, L4 (decamethyltetrasiloxane) and D5, recovery rates decreased from 100% to 87%, 88% and 65% respectively [START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF]. Therefore, even though time between gas sampling and analysis is not always specified, it is a major factor that may strongly impact results. When mentioned in the articles, analyses of the sample were performed no later than one day after collection [START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF][START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF][START_REF] Papurello | Direct injection mass spectrometry technique for the odorant losses at ppb(v) level from nalophan TM sampling bags[END_REF][START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF].

Finally, several types of containers are available for sampling gases. Bags are inexpensive, easy-to-use but non-reusable with a high risk of contamination and loss of compounds.

Cylinders and canisters are more expensive but reusable. They also present a risk of compound loss, reduced by surface passivation. Absorption in solvent requires a long installation time and handling of solvents. Adsorbent tubes are easy to transport and store but expensive. SPME fibers can also be used to pre-concentrate the sample, but are very fragile and expensive, which limits their use in the field.

To conclude this part, sorbent tube appears to be the sampling method of choice with the best ratio cost-difficulty/sensitivity-recovery. A pre-sampling in bags before trapping in sorbent tubes is not necessary and should be avoided whenever possible. Recommendations concerning sampling units and parameters, sample transport and storage conditions were listed by Lecharlier et al. [START_REF] Lecharlier | Characterization of biogas and biomethane trace compounds: A critical review of advances in in situ sampling and preconcentration techniques[END_REF]. For instance, the use of clean, short and inert tubing and connectors, the installation of an inert particle filter, a storage time as short as possible or at least at cold temperatures were advised.

Main compounds analysis

The main compounds of renewable gas, which include methane, carbon dioxide, dihydrogen and carbon oxide, are analyzed by several well-known techniques. The production of methane and the major by-products can be followed on-line by a gas analyzer based on gas chromatography (GC) coupled with thermal conductivity detector (TCD) [START_REF] Ge | Fungal Pretreatment of Albizia Chips for Enhanced Biogas Production by Solid-State Anaerobic Digestion[END_REF][START_REF] Holliger | Towards a standardization of biomethane potential tests[END_REF][START_REF] Zhong | Effect of biological pretreatments in enhancing corn straw biogas production[END_REF][START_REF] Cheah | Effects of thermal pretreatment and catalyst on biomass gasification efficiency and syngas composition[END_REF][START_REF] Beneroso | Comparing the composition of the synthesis-gas obtained from the pyrolysis of different organic residues for a potential use in the synthesis of bioplastics[END_REF] or mass spectrometry (MS) [START_REF] Liu | Characterization of the gas releasing behaviors of catalytic pyrolysis of rice husk using potassium over a microfluidized bed reactor[END_REF], micro gas chromatography [START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF][START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF][START_REF] Corno | New energy crop giant cane (Arundo donax L.) can substitute traditional energy crops increasing biogas yield and reducing costs[END_REF] or/with on-line infrared spectrometry [START_REF] Dandikas | Correlation between Biogas Yield and Chemical Composition of Grassland Plant Species[END_REF][START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF][START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF][START_REF] Cheah | Effects of thermal pretreatment and catalyst on biomass gasification efficiency and syngas composition[END_REF][START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF][START_REF] Kääriäinen | Determining Biogenic Content of Biogas by Measuring Stable Isotopologues 12CH4, 13CH4, and CH3D with a Mid-Infrared Direct Absorption Laser Spectrometer[END_REF][START_REF] Kandel | Chemical composition and methane yield of reed canary grass as influenced by harvesting time and harvest frequency[END_REF][START_REF] Kafle | Effects of chemical compositions and ensiling on the biogas productivity and degradation rates of agricultural and food processing by-products[END_REF][START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF]. Sometimes, electrochemical cell was used [START_REF] Dandikas | Correlation between Biogas Yield and Chemical Composition of Grassland Plant Species[END_REF][START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF][START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF]. The emission of methane could also be measured by biochemical analysis [START_REF] Kandel | Chemical composition and methane yield of reed canary grass as influenced by harvesting time and harvest frequency[END_REF] or by a volumetric technique [START_REF] Holliger | Towards a standardization of biomethane potential tests[END_REF][START_REF] Zhong | Effect of biological pretreatments in enhancing corn straw biogas production[END_REF]. For example, GC-TCD was used by Beneroso et al. to analyze syngas from conventional pyrolysis (400°C) and from microwave-induced pyrolysis (800°C) for different inputs (such as municipal solid waste or dry sewage sludge). They found that no H2 was released from conventional pyrolysis conversely to microwave-induced pyrolysis.

Furthermore, microwave-induced pyrolysis drastically reduced hydrocarbons and aromatics content of the syngas produced [START_REF] Beneroso | Comparing the composition of the synthesis-gas obtained from the pyrolysis of different organic residues for a potential use in the synthesis of bioplastics[END_REF].

An optical method, TDLAS (tunable diode laser absorption spectroscopy) permitted also the in-line detection of CO2, CO, CH4 and H2O [START_REF] Sur | TDLAS-based sensors for in situ measurement of syngas composition in a pressurized, oxygen-blown, entrained flow coal gasifier[END_REF].

Impurities analysis

Organic impurities in renewable gas are mainly siloxanes, terpenes, alkanes (linear and cyclic), alkenes, aromatic hydrocarbons (among them BTEX), oxygen-organic compounds (alcohols, esters, ketones, aldehydes, furans), halogenorganic compounds and sulfur-organic compounds. Traces can be analyzed by GC, comprehensive two-dimensional gas chromatography (GCxGC), Fourier-transform infrared (FTIR), gas chromatography -inductively coupled plasma mass spectrometry (GC-ICP-MS), optical methods, proton transfer reactionmass spectrometry (PTR-MS) or selected ion flow tube -mass spectrometry (SIFT-MS). This part will describe these methods and give typical results for renewable gas analysis.

7.1 Gas chromatography GC appears to be the favorite technique to analyze traces in bio-sourced gas (around 50% of the cited publications).

Separation

In order to perform the separation step, several types of columns were used: Table S1 gathers the columns mentioned in the papers and the families of compounds targeted for each column. and TMS were also analyzed with a LOD of 0.01 mg/m 3 and a LOQ of 0.05 mg/m 3 using a 5% phenyl/95% dimethylpolysiloxane capillary column [START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF]. Wang et al. separated L2, D3, D4 and D5 using a GC (mid-polar 6% cyanopropyl/phenyl, 94% polydimethylsiloxane)-MS system. The LOD was in the range of 0.032 -0.087 mg/Nm 3 and LOQ in the range of 0.11 -0.28 mg/Nm 3 [START_REF] Wang | Influence of sampling methods and storage condition on volatile methyl siloxanes quantification in biogas[END_REF]. It could be noticed that Badjagbo et al. used atmospheric pressure chemical ionizationtandem mass spectrometry (APCI-MS/MS) for siloxanes analysis (D4 and D5) without prior chromatographic separation because polysiloxanes could be released from the stationary phase of the column. This ionization was supposed to avoid the misinterpretation existing with electronic ionization (due to the background and interference peaks). With this method, a good linearity (R²>0.997), precision (relative standard deviation = RSD <10%) and accuracy (>93%) were obtained. The LOD was in the range of 4-6 µg/m 3 [START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF]. This method showed high sensitivity, selectivity and reliability. Using deuterated hexamethyldisiloxane (HDMS-d18) as internal standard, a LOD of 2 µg/m 3 could be achieved [START_REF] Badjagbo | Quantitative Analysis of Volatile Methylsiloxanes in Waste-to-Energy Landfill Biogases Using Direct APCI-MS/MS[END_REF].

GC-MS also permitted to analyze terpenes. Thus, a mid-polar 6% cyanopropyl/phenyl, 94% polydimethylsiloxane column, designed for the analysis of residual solvents and volatile priority pollutants, was used to separate a mix of 5 terpenes with a LOQ of 2 ppbv [START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF].

In order to separate 5 amines, a column dedicated to the separation of amines (RTX-Volatile Amine) was compared to two general purpose columns (5% phenyl/95% dimethylpolysiloxane capillary column and a highly polar PEG column). RTX-Volatile Amine column appeared as the most promising one since the 5 amines tested were separated in 25 min while 2 amines overlapped with the 5% phenyl/95% dimethylpolysiloxane capillary column [START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF].

More generally, GC-MS allowed the simultaneous identification of several families of compound. Indeed, Gallego et al. analyzed VOCs (alkanes, aromatic hydrocarbons, ketones, halocarbons, aldehydes, esters, terpenes) and volatile methylsiloxanes by TD-GC-MS, in order to separate a 64 compounds mix [START_REF] Gallego | Development of a method for determination of VOCs (including methylsiloxanes) in biogas by TD-GC/MS analysis using Supel TM Inert Film bags and multisorbent bed tubes[END_REF]. Chiriac et al. analyzed and quantified linear alkanes, halogenated compounds, BTEX, terpenes (heptane, octane, nonane, decane, undecane, trichloroethylene, tetrachloroethylene, benzene, toluene, ethylbenzene, m-, p-and o-xylene, 1,2,3-trimethylbenzene, mesitylene, α-and β-pinene, limonene) by GC-MS with a 5% phenyl/95% dimethylpolysiloxane capillary column [START_REF] Chiriac | Characterisation of VOCs emitted by open cells receiving municipal solid waste[END_REF].

GC-MS was also used to analyze and quantify (in the range of mg/Nm 3 ) VOCs in biogas from municipal solid waste landfill: using a mid-polar 6% cyanopropyl/phenyl, 94% polydimethylsiloxane capillary column around 50 compounds were identified after SPME sampling and 120 compounds after trapping on a Tenax tube, including alkanes, aromatic compounds, cycloalkanes, terpenes, sulfur compounds, alcohols, esters and some halogenated compound, BTEX [START_REF] Rey | Biogas from MSW landfill: Composition and determination of chlorine content with the AOX (adsorbable organically bound halogens) technique[END_REF]. Carriero The combination of detectors allowed to investigate a larger number of compounds. Indeed, Arrhenius et al. evaluated the stability of siloxanes (L2, L3, D4, D5), BTEX, sulfur compounds and halogenated hydrocarbons in sampling vessels by combining MS, sulfur chemiluminescence detector (SCD) and flame ionization detector (FID) (no indication of which method allowed the analysis of which compounds) [START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF]. Of course, the comparison of methods highlighted the contribution of MS to the identification of a wide range of compounds.

Finally, MS was also utilized as a confirmation tool when new techniques were investigated [START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF]. Thus, in order to investigate the accuracy of PTR-MS method, Papurello et al. performed a preliminary compounds identification of VOCs and sulfur compounds using GC-MS with a PEG column [START_REF] Papurello | Proton transfer reaction mass spectrometry technique for the monitoring of volatile sulfur compounds in a fuel cell quality clean-up system[END_REF].

Actual trends promote the use of HRMS (high resolution mass spectrometry) in many fields [START_REF] Remy | How high-resolution mass spectrometry can help for the accurate quantification of difficult fragrance allergens[END_REF]. Yet, this general trend is not followed concerning bio-sourced gas analysis. Indeed, LRMS (low resolution mass spectrometry) seems sufficient thanks to NIST library for compound identification.

Flame ionization detector

FID is a quasi-universal detector. Its linear response makes it the tool of choice for quantification.

FID was an essential detector for siloxanes (L2, L3, L4, D3, D4, D5 and D6) quantification [START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF][START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF][START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF]. Foppiano et al. used GC-FID as a verification tool in order to evaluate GC-ICP-MS performance. They quantitatively analyzed L2, L3, D3, D4, D5 and D6 [START_REF] Foppiano | Siloxane compounds in biogas from manure and mixed organic waste: Method development and speciation analysis with GC-ICP-MS[END_REF].

FID has also been used to study mixtures of compounds. Santos-Clotas et al. measured the concentrations of D4, D5, toluene, limonene and hexane after a separation with a trifluoropropyl methylpolysiloxane column [START_REF] Santos-Clotas | Coupling adsorption with biotechnologies for siloxane abatement from biogas[END_REF]. H2S was quantified after a separation on a 100% dimethylpolysiloxane column in order to validate a theoretical model [START_REF] Moreno-Andrade | Theoretical framework for the estimation of H2S concentration in biogas produced from complex sulfur-rich substrates[END_REF]. Arrhenius et al. quantified VOCs in biogas using the relative response factor to toluene by GC-FID. Between 5 and 15 VOCs were analyzed for each sample (130 in total). The concentrations of VOCs were in the range of 30-35000 µg/m 3 . The use of a double detection FID/MS allowed the identification of the quantified compounds, including linear alkanes, aromatic hydrocarbons, sulfur compounds, terpenes, alcohols, ketones, esters, furans and other alkanes [START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF].

Limonene, α-pinene, p-cymene, siloxane D5 were analyzed and quantified by GC-FID [START_REF] Calbry-Muzyka | Deep removal of sulfur and trace organic compounds from biogas to protect a catalytic methanation reactor[END_REF].

Calbry et al. compared the amount of alpha-pinene, limonene, p-cymene and siloxane D5 in five biogas using GC-FID [START_REF] Calbry-Muzyka | Biogas composition from agricultural sources and organic fraction of municipal solid waste[END_REF].

Li et al. analyzed chloromethane, vinyl chloride, freon 113, dichloromethane, n-hexane, 1,2 dichloroethylene, trichloromethane, trichloroethene, 1,2-dichloropropane, 1,1,2trichloroethane, tetrachloroethylene in gas standards. With FID, the chloromethane peak overlapped with other compounds and vinyl chloride peak was not always visible in the chromatogram. These drawbacks were avoided with MS [START_REF] Li | 19th International Congress of Metrology (CIM2019)[END_REF].

Thermal conductivity detector

TCD is the least sensitive detector for GC but can monitor gases that cannot be detected by FID or when the concentration is high enough. Some typical examples are given below. GC-TCD was used to separate a mix of 5 terpenes with a LOQ of 2 ppmv and to monitor ammonia.

For ammonia, the LOQ seemed to be in the range of 30 mg/m 3 which was not enough, since the expected threshold was 10 mg/m 3 [START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF]. TCD was also used to follow the release of H2S [START_REF] Rattanaya | Upgrading biogas to biomethane: Alkaline recovery of absorbed solution by thermal decomposition[END_REF] and quantify sulfur compounds. Thus, Calbry-Muzyka et al. achieved a LOD of 1-2 ppmv for H2S and COS [START_REF] Calbry-Muzyka | Deep removal of sulfur and trace organic compounds from biogas to protect a catalytic methanation reactor[END_REF][START_REF] Calbry-Muzyka | Online Measurement of Sub-ppmv Total Sulfur in Biogas by Chemiluminescence[END_REF]. Ganigue et al. studied the conversion of syngas into organic acids and alcohols. They analyzed resulting VOCs (acetic acid, butyric acid, caproic acid, ethanol, butanol and hexanol) by GC-TCD [START_REF] Ganigué | Conversion of sewage sludge to commodity chemicals via syngas fermentation[END_REF].

Photoionization detector

Siloxanes and hydrogen sulfide were separated on-line with a PEG column. The limits of detection were estimated to 0.01 ppmv for siloxanes and 5 ppmv for hydrogen sulfide using a photoionization detector (PID) [START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF]. The detection limit determined for hydrogen sulfide using PID, although higher than the detection limit obtained using TCD, is lower than the acceptable value for H2S in liquefied natural gas (LNG) in France which is 9.76 ppmv (7 mg/Nm 3 ) [START_REF]LNG quality[END_REF].

Sulfur chemiluminescence detector

SCD is particularly relevant for monitoring the presence of sulphur compounds in biogas.

Dannesboe et al. developed GC-SCD measurements and achieved a detection of sulfur species

at ppbv level to ensure the efficiency of purification steps. They identified CS2, COS and DMS and estimated the total sulfur level at around 100 ppbv after removal processing. No H2S was found after the removal processing [START_REF] Dannesboe | Removal of sulfur contaminants from biogas to enable direct catalytic methanation. Biomass Convers[END_REF]. Calbry-Muzyka et al. obtained a detection limit of 0.02 ppmv (20 ppbv) without sample pre-concentration. Therefore, this method could be used on line and proved to be deployable in the field [START_REF] Calbry-Muzyka | Online Measurement of Sub-ppmv Total Sulfur in Biogas by Chemiluminescence[END_REF]. They also compared the amount of sulfur compounds (mercaptans, di-and tri-sulfide, thiophene and sulfur heteroatoms) in five biogases [START_REF] Calbry-Muzyka | Biogas composition from agricultural sources and organic fraction of municipal solid waste[END_REF].

The selectivity of the SCD is an advantage for target analysis. However, this detector does not allow the identification of unknown compounds in real samples.

Inductively coupled plasma mass spectrometry

ICP-MS was, until now, mainly used for the analysis of metals without GC separation. For example, ICP-MS was used for the analysis of metal compounds in biogas. The analysis was performed after sampling the biogas by bubbling in a nitric acid solution. Metals found in biogas, biomethane and natural gas were Se, Cd, Ni, Sb, As, Zn, Pb, Sn, Cr, Ba, Al, V, Mo, Cu, Ag. They were detected with a LOQ between 0.1 and 0.001 µg/m 3 depending on elements.

Finally, metals were detected at concentrations in the range of 0.1 -100 ng/Nm 3 in the natural gas and biomethane and in the range of 1 -1000 ng/Nm 3 in the biogas [START_REF] Cachia | Characterization and Comparison of Trace Metal Compositions in Natural Gas, Biogas, and Biomethane[END_REF]. ICP-MS was also used as an alternative method for the analysis of siloxanes in biogas.

ICP-MS can also be used as a detector after a GC separation: using the detection of Si element, siloxanes were identified and quantified. The LOD and LOQ were very low (approximate range of 2-4 µgSiNm -3 and 7-14 µgSiNm -3 respectively) [START_REF] Foppiano | Siloxane compounds in biogas from manure and mixed organic waste: Method development and speciation analysis with GC-ICP-MS[END_REF].

Proton transfer reaction mass spectrometry

PTR-MS could be coupled with a GC separation or used directly without a pre-separation in order to analyze a wide range of compounds. Papurello et al. described PTR-MS for biosourced gas analysis in five papers. They used direct PTR-TOF-MS (time of flight mass spectrometry) to analyze sulfur compounds [START_REF] Papurello | Proton transfer reaction mass spectrometry technique for the monitoring of volatile sulfur compounds in a fuel cell quality clean-up system[END_REF], siloxanes [START_REF] Papurello | Proton transfer reaction mass spectrometry for the gas cleaning using commercial and waste-derived materials: Focus on the siloxane removal for SOFC applications[END_REF] or H2S, VOCs, terpenes, siloxanes, carboxylic acids and carbonyl compounds without enrichment [START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF][START_REF] Papurello | Evaluation of the Wheeler-Jonas parameters for biogas trace compounds removal with activated carbons[END_REF][START_REF] Papurello | Real-time monitoring of removal of trace compounds with PTR-MS: Biochar experimental investigation[END_REF]. The addition of a fast GC separation before the PTR-MS detector allowed to identify even more aldehydes, ketones and sulfur compounds [START_REF] Papurello | Natural Gas Trace Compounds Analysis with Innovative Systems: PTR-ToF-MS and FASTGC[END_REF]. Finally, in order to study the stability of samples stored in bags, PTR-MS was used to follow the amount of alcohols, aldehydes, hydrocarbons, aromatic compounds, ketones, sulfur compounds, chlorines, terpenes and carboxyls [START_REF] Papurello | Direct injection mass spectrometry technique for the odorant losses at ppb(v) level from nalophan TM sampling bags[END_REF]. This technique proved to be rapid, non-invasive and highly sensitive compared to GC-MS. Thanks to its sensitivity and rapidity, it can replace olfactometry in odor emission measurement related to composting plants of municipal solid waste [START_REF] Cappellin | PTR-MS in Italy: A Multipurpose Sensor with Applications in Environmental[END_REF].

Comprehensive two-dimensional gas chromatography

Recently, the use of GCxGC was shown to overcome limitations of GC and increase peak capacity [START_REF] Marriott | Separation Multidimensionality for Improved Sample Characterization-Is It Worth the Effort?[END_REF][START_REF] Zanella | 30th Anniversary of comprehensive twodimensional gas chromatography: Latest advances[END_REF]. Ghosh et al. analyzed a mixture of siloxanes by GCxGC coupled with a FID detector using a fluidic modulator based on a Dean switch [START_REF] Ghosh | High speed Deans switch for low duty cycle comprehensive two-dimensional gas chromatography[END_REF]. They investigated on the best columns combination for siloxane separation by comparing the retention index of different compounds with different types of columns (50% octyl/50% methyl siloxane, 100% dimethylpolysiloxane, 5% phenyl/95% dimethylpolysiloxane, 50% phenyl/50% dimethylpolysiloxane, poly-methyltrifluoropropyl siloxane and PEG). Based on these measurements, a 50% octyl/50% methyl siloxane stationary phase column coupled with a 100% dimethylpolysiloxane column appeared the best, though unusual, combination. In these conditions, the authors achieved a LOD of 0.05 mg/m 3 . For a real gas sample, siloxanes could be separated from hydrocarbons and D4, D5 and D6 were quantified [START_REF] Ghosh | Analysis of siloxanes in hydrocarbon mixtures using comprehensive two-dimensional gas chromatography[END_REF].

Hilaire et al. studied the selection of stationary phases in the two dimensions for the separation of biogases. They achieved a system with a first non-polar dimension (5% phenyl/95% dimethylpolysiloxane) and a second semi-polar dimension (50% phenyl/50% dimethylpolysiloxane). This system allowed the separation of a standard mixture containing 89 compounds from different chemical families, representative of the impurities likely to be present in biogas: alkanes, aromatic hydrocarbons, oxygen-organic compounds, sulfur-organic compounds, halogenorganic compounds, terpenes, alkenes and siloxanes. The authors showed that GCxGC permitted a reduction of co-elutions by 80% (15 over 18 co-elutions were resolved by adding the second dimension). Then, they applied the GCxGC method to real biogases from landfill, sewage sludge and agricultural biomass (Figure 2). Impurities of the biogases investigated were mainly aromatics, alkanes, oxygenated compounds. Semiquantitative analyses were performed for VOCs, family by family, and a cartography of biogas composition was drawn. They also quantified the efficiency of a purification step (adsorption on activated charcoal) for the removal of unwanted compounds (sulfur, VOCs) [START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF]. [START_REF] Arrhenius | Suitability of different containers for the sampling and storage of biogas and biomethane for the determination of the tracelevel impurities -A review[END_REF][START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF][START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF][START_REF] Ghosh | Analysis of siloxanes in hydrocarbon mixtures using comprehensive two-dimensional gas chromatography[END_REF]; Alkanes [START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF][START_REF] Dandikas | Correlation between Biogas Yield and Chemical Composition of Grassland Plant Species[END_REF][START_REF] Ge | Fungal Pretreatment of Albizia Chips for Enhanced Biogas Production by Solid-State Anaerobic Digestion[END_REF][START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF][START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF][START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF][START_REF] Dannesboe | Removal of sulfur contaminants from biogas to enable direct catalytic methanation. Biomass Convers[END_REF][START_REF] Trabue | Bias of Tedlar bags in the measurement of agricultural odorants[END_REF][START_REF] Beghi | Use of poly(ethylene terephtalate) film bag to sample and remove humidity from atmosphere containing volatile organic compounds[END_REF][START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF]; Cycloalkanes [START_REF] Papurello | Natural Gas Trace Compounds Analysis with Innovative Systems: PTR-ToF-MS and FASTGC[END_REF][START_REF] Papurello | Direct injection mass spectrometry technique for the odorant losses at ppb(v) level from nalophan TM sampling bags[END_REF][START_REF] Papurello | Proton transfer reaction mass spectrometry technique for the monitoring of volatile sulfur compounds in a fuel cell quality clean-up system[END_REF][START_REF] Kangas | Ammonia, hydrogen sulphide and methyl mercaptides in finnish municipal sewage plants and pumping stations[END_REF][START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF][START_REF] Piechota | Siloxanes in Biogas: Approaches of Sampling Procedure and GC-MS Method Determination[END_REF]; Alcohols [START_REF] Wang | Investigation of volatile methyl siloxanes in biogas and the ambient environment in a landfill[END_REF][START_REF] Foppiano | Siloxane compounds in biogas from manure and mixed organic waste: Method development and speciation analysis with GC-ICP-MS[END_REF][START_REF] Calbry-Muzyka | Deep removal of sulfur and trace organic compounds from biogas to protect a catalytic methanation reactor[END_REF]; Ketones [START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF][START_REF] Rey | Biogas from MSW landfill: Composition and determination of chlorine content with the AOX (adsorbable organically bound halogens) technique[END_REF][START_REF] Gallego | Development of a method for determination of VOCs (including methylsiloxanes) in biogas by TD-GC/MS analysis using Supel TM Inert Film bags and multisorbent bed tubes[END_REF]; Esters [START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF][START_REF] Koziel | Method for sampling and analysis of volatile biomarkers in process gas from aerobic digestion of poultry carcasses using time-weighted average SPME and GC-MS[END_REF][START_REF] Corno | New energy crop giant cane (Arundo donax L.) can substitute traditional energy crops increasing biogas yield and reducing costs[END_REF][START_REF] Tassi | Sampling and analytical procedures for the determination of VOCs released into air from natural and anthropogenic sources: A comparison between SPME (Solid Phase Micro Extraction) and ST (Solid Trap) methods[END_REF]; Furans [START_REF] Wang | Influence of sampling methods and storage condition on volatile methyl siloxanes quantification in biogas[END_REF][START_REF] Brown | Sampling of gaseous sulfur-containing compounds at low concentrations with a review of best-practice methods for biogas and natural gas applications[END_REF][START_REF] Lecharlier | Characterization of biogas and biomethane trace compounds: A critical review of advances in in situ sampling and preconcentration techniques[END_REF]; Aldehydes [START_REF] Holliger | Towards a standardization of biomethane potential tests[END_REF][START_REF] Zhong | Effect of biological pretreatments in enhancing corn straw biogas production[END_REF]; Sulfur organocompounds [START_REF] Cheah | Effects of thermal pretreatment and catalyst on biomass gasification efficiency and syngas composition[END_REF][START_REF] Beneroso | Comparing the composition of the synthesis-gas obtained from the pyrolysis of different organic residues for a potential use in the synthesis of bioplastics[END_REF][START_REF] Liu | Characterization of the gas releasing behaviors of catalytic pyrolysis of rice husk using potassium over a microfluidized bed reactor[END_REF][START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF][START_REF] Kääriäinen | Determining Biogenic Content of Biogas by Measuring Stable Isotopologues 12CH4, 13CH4, and CH3D with a Mid-Infrared Direct Absorption Laser Spectrometer[END_REF][START_REF] Kandel | Chemical composition and methane yield of reed canary grass as influenced by harvesting time and harvest frequency[END_REF]; Halogen organo-compounds [START_REF] Kafle | Effects of chemical compositions and ensiling on the biogas productivity and degradation rates of agricultural and food processing by-products[END_REF][START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF][START_REF] Sur | TDLAS-based sensors for in situ measurement of syngas composition in a pressurized, oxygen-blown, entrained flow coal gasifier[END_REF][START_REF] Badjagbo | Quantitative Analysis of Volatile Methylsiloxanes in Waste-to-Energy Landfill Biogases Using Direct APCI-MS/MS[END_REF][START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF][START_REF] Chiriac | Characterisation of VOCs emitted by open cells receiving municipal solid waste[END_REF][START_REF] Carriero | Composition and emission of VOC from biogas produced by illegally managed waste landfills in Giugliano (Campania, Italy) and potential impact on the local population[END_REF][START_REF] Li | 19th International Congress of Metrology (CIM2019)[END_REF][START_REF] Remy | How high-resolution mass spectrometry can help for the accurate quantification of difficult fragrance allergens[END_REF][START_REF] Santos-Clotas | Coupling adsorption with biotechnologies for siloxane abatement from biogas[END_REF][START_REF] Moreno-Andrade | Theoretical framework for the estimation of H2S concentration in biogas produced from complex sulfur-rich substrates[END_REF][START_REF] Calbry-Muzyka | Biogas composition from agricultural sources and organic fraction of municipal solid waste[END_REF][START_REF] Rattanaya | Upgrading biogas to biomethane: Alkaline recovery of absorbed solution by thermal decomposition[END_REF][START_REF] Calbry-Muzyka | Online Measurement of Sub-ppmv Total Sulfur in Biogas by Chemiluminescence[END_REF][START_REF] Ganigué | Conversion of sewage sludge to commodity chemicals via syngas fermentation[END_REF]; Alkenes [START_REF]LNG quality[END_REF][START_REF] Cachia | Characterization and Comparison of Trace Metal Compositions in Natural Gas, Biogas, and Biomethane[END_REF]; Terpenes [START_REF] Papurello | Proton transfer reaction mass spectrometry for the gas cleaning using commercial and waste-derived materials: Focus on the siloxane removal for SOFC applications[END_REF][START_REF] Papurello | Evaluation of the Wheeler-Jonas parameters for biogas trace compounds removal with activated carbons[END_REF][START_REF] Papurello | Real-time monitoring of removal of trace compounds with PTR-MS: Biochar experimental investigation[END_REF][START_REF] Cappellin | PTR-MS in Italy: A Multipurpose Sensor with Applications in Environmental[END_REF][START_REF] Marriott | Separation Multidimensionality for Improved Sample Characterization-Is It Worth the Effort?[END_REF] and Siloxanes [START_REF] Zanella | 30th Anniversary of comprehensive twodimensional gas chromatography: Latest advances[END_REF][START_REF] Ghosh | High speed Deans switch for low duty cycle comprehensive two-dimensional gas chromatography[END_REF][START_REF] Hepburn | Development of online FTIR spectroscopy for siloxane detection in biogas to enhance carbon contactor management[END_REF][START_REF] Smith | Selected ion flow tube mass spectrometry (SIFT-MS) for on-line trace gas analysis[END_REF][START_REF] Langford | Selected ion flow tube studies of several siloxanes[END_REF][START_REF] Allen | Determining modified reaction parameters for the real-time measurement of BTEX in biogas and nitrogen using Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[END_REF][START_REF] Li | Composition and Toxicity of Biogas Produced from Different Feedstocks in California[END_REF][START_REF] Kato | Urban air measurements using PTR-MS in Tokyo area and comparison with GC-FID measurements[END_REF] [START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF] 

Non chromatographic methods

Alternative methods to GC have been developed, using infrared, optical devices or selected ion flow tube coupled to mass spectrometry.

Fourier-transform infrared spectroscopy

The measurement of the concentration of siloxanes (L2 to L4 and D3 to D5) in real biogas could be achieved by on-line FTIR spectroscopy using vibration bands of Si-O and Si-CH3 bonds. The authors calibrated the FTIR spectrometer with a standard reference gas. Then they investigated a real biogas, directly on the production site. Finally, they compared their results with those obtained by GC-MS: high correlation between the two methods was obtained when siloxane concentrations were not too low (otherwise, interferences appeared with VOCs signals) since FTIR is not a sensitive method. A limit of detection for the total siloxanes of 3.2 mg/m 3 has been reported [START_REF] Hepburn | Development of online FTIR spectroscopy for siloxane detection in biogas to enhance carbon contactor management[END_REF].

This method presented three main advantages: it required only an initial calibration; the analysis was very fast and it could be done on-line. Nevertheless, it can only be used for compounds at a sufficiently high concentration and with a specific vibration band (Si-O for instance).

Optical methods

Several optical methods were developed in order to target one or two specific gaseous compounds, such as H2S, NH3, HCl and HF, with a high sensitivity.

-A diode laser spectrometer allowed the quantification of H2S and NH3 directly in the field.

The absorption was detected at 6343.98 and 6528.89 nm respectively thanks to a twin laser diode tuned at those frequencies. Detection limits were estimated at 2 ppmv for both gases [START_REF] Cheah | Effects of thermal pretreatment and catalyst on biomass gasification efficiency and syngas composition[END_REF].

-Direct absorption and wavelength modulation spectroscopy was used for HF quantification at 2475.88 nm. Persijn et al. considered that, despite, the method was currently under development, it seemed promising as the interferences with the biogas matrix were minimized [START_REF] Li | 19th International Congress of Metrology (CIM2019)[END_REF].

-Cavity ring down spectroscopy (CRDS) with OPO (optical parametrical oscillator), allowed HCl measurement (a solution of 2.5 µmol/mol HCl in methane). The measurement was performed at 3633 nm, because the absorption of methane at this wavelength is relatively weak. Yet, it was still complicated because of interferences between biogas matrix and HCl. Indeed, methane still gave a significant signal and a background signal should be acquired in order to subtract the specific methane vibration bands [START_REF] Li | 19th International Congress of Metrology (CIM2019)[END_REF].

-Optical-feedback cavity-enhanced absorption spectroscopy (OFCEAS) was used to analyze ammonia. The results showed a limit of quantification in the range of 1 mg/m 3 that should be improved [START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF]. The authors demonstrated a higher dynamic range of absorption measurements for OFCEAS than for CRDS but OFCEAS needs a higher laser quality than CRDS.

Selected ion flow tube mass spectrometry

SIFT-MS is an analytical method relying on chemical ionization of gas molecules using H3O + , NO + and O2 +. as precursor ions. Smith et al. described the principle of this technique: positive ions, also named precursor ions, are created in an ion source and injected into a fast-flowing inert carrier gas. At a defined point of the flow tube, the gas sample is injected. From this point to the end of the flow tube, precursor ions can react with trace molecules. H3O + reacts with a large majority of organic compounds via proton transfer (e.g., aldehydes, alcohols, ketones, ethers, organosulfurs, amines, hydrocarbons, terpenes, etc.). NO + also reacts with organic molecules producing hybrid ions, alkoxide ions, and ion-molecule associations. O2 +. reacts rapidly with most organic molecules and is valuable for the detection of small molecules that is not allowed with the other precursor ions. At the end of the flow tube, the decay of the precursor ion current and the growth of the product ion current, which is directly proportional to the concentration of the reactant gas, are observed by a mass spectrometer. The use of three precursor ions allows the identification and the quantification of traces [START_REF] Smith | Selected ion flow tube mass spectrometry (SIFT-MS) for on-line trace gas analysis[END_REF].

This method was used to analyze trace compounds in air or breath; it had also been applied to analyze impurities in bio-sourced gas.

The use of SIFT-MS is yet not very suitable for the quantification of CH4 but it permitted the detection of acids, alcohols [START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF] and siloxanes [START_REF] Langford | Selected ion flow tube studies of several siloxanes[END_REF].

A limitation of this technique is that the reaction rate constants are not always known accurately, especially in a matrix of bio-sourced gas. After a calibration of the reaction rate values, the method was applied by Allen et al. to analyze and quantify BTEX in renewable gas samples without overestimation. This portable technique could be a good tool to be used in the field and to perform rapid online quantification of bio-sourced gas content. However, the method requires some improvements, especially to obtain new and accurate rate constants for other trace gases [START_REF] Allen | Determining modified reaction parameters for the real-time measurement of BTEX in biogas and nitrogen using Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[END_REF].

Comparison of analytical methods

The methods presented before are summarized in Supplementary material (Table S1: techniques of analysis, GC stationary phases, gas sampling methods, targeted compounds, input types and main results including LOD, LOQ, number of compounds detected, analysis time and time between sampling and analysis when available). Unfortunately, as the units used in the different papers are not standardized, the comparison of reported results is not easy. Some methods are quite universal and can target almost all kinds of chemical families: GC-MS, GC-TCD, GC-FID, GC-PID, PTR-MS, PTR-SIFT, GCxGC-MS. Other methods are specific: GC-SCD, optical methods, ICP-MS, FTIR. PTR-MS, SIFT-MS, GCxGC-MS present a wide range of applications because numerous compounds could be targeted. In a general way, the combination of different methods leads to a more comprehensive investigation on biogas composition, demonstrated by Knížek et al. who used FTIR, SIFT and GC to study biogas from several plants [START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF].

GC is the most used technique and can be applied to many bio-sourced gas compound families in the field or in laboratories with specific or universal detectors. Among all the detectors, MS is the most expensive but provides the richest structure information, meaning that it is an essential tool for non-target analysis. For the quantification of specific target compounds, the less expensive FID is more suitable. GC analysis has some limitations such as resolution, the need of pre-concentration, coelutions and interferences. GC is often not sufficient to target all the compounds in bio-sourced gases and needs to be used coupled with other methods in parallel [START_REF] Li | Composition and Toxicity of Biogas Produced from Different Feedstocks in California[END_REF].

For a one-shot comprehensive identification of the impurities present in a renewable gas sample, a new promising trend could be GCxGC although it is an expensive instrument, it requires a high experimental ability and a long time for data treatment. It should be noted, however, that this method cannot be used for the analysis of the main compounds. PTR-MS and SIFT-MS are also interesting alternatives because they are faster and easier to implement [START_REF] Kato | Urban air measurements using PTR-MS in Tokyo area and comparison with GC-FID measurements[END_REF]. However, they are limited to a limited number of targeted compounds.

In the context of renewable gas analysis, methods that can be deployed in the field are particularly relevant, as they avoid the problems of sample storage and transportation, reducing costs and risk of compound loss. Analytical methods such as FTIR, SIFT-MS, GC-SCD, GC-TCD or GC-PID have been successfully deployed in the field [START_REF] Arnold | Development of on-line measurement techniques for siloxanes and other trace compounds in biogas[END_REF][START_REF] Cuccia | 19th International Congress of Metrology (CIM2019)[END_REF][START_REF] Calbry-Muzyka | Online Measurement of Sub-ppmv Total Sulfur in Biogas by Chemiluminescence[END_REF][START_REF] Hepburn | Development of online FTIR spectroscopy for siloxane detection in biogas to enhance carbon contactor management[END_REF][START_REF] Allen | Determining modified reaction parameters for the real-time measurement of BTEX in biogas and nitrogen using Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[END_REF].

To summarize, GC analysis is an user friendly method for targeting a wide range of compounds and it can be coupled with different detectors depending on the application. FTIR, ICP-MS and optical methods are recommended for very specific target analysis. PTR-MS and SIFT-MS methods are promising because they are sensitive, fast and can be deployed in the field, but they still need to be improved. GCxGC-MS analysis should be used to study unknown matrices from new production processes.

Conclusion

This review highlighted the diversity of sampling and analysis methods used to characterize traces in renewable gases. Great care should be taken when choosing the sampling method depending on the application. For example, the use of bags should be limited to short storage times. In most cases, the use of sorbent tubes is appropriate. GC is the most popular method and very efficient when hyphenated to MS while GC-FID is a suitable method for routine analysis.

Although not yet widely used, GCxGC-MS is a promising method, especially for the determination of the detailed composition of gases from new production processes.

Publications mainly tackled the analysis of biogas produced by anaerobic digestion. Not many publications dealt with the detailed composition of renewable gases issuing from pyrogasification, methanation or hydrothermal gasification. If biogas from anaerobic digestion is nowadays well-known and gas chromatography is sufficient for its analysis, other renewable gases are still under development and their detailed composition is seldom reported. Thus, the sampling and analysis techniques described here might be useful tools for a comprehensive characterization of new renewable gases composition in order to facilitate their integration into the energy systems. compounds [START_REF] Cheah | Effects of thermal pretreatment and catalyst on biomass gasification efficiency and syngas composition[END_REF][START_REF] Beneroso | Comparing the composition of the synthesis-gas obtained from the pyrolysis of different organic residues for a potential use in the synthesis of bioplastics[END_REF][START_REF] Liu | Characterization of the gas releasing behaviors of catalytic pyrolysis of rice husk using potassium over a microfluidized bed reactor[END_REF][START_REF] Knížek | Comparative SIFT-MS, GC-MS and FTIR analysis of methane fuel produced in biogas stations and in artificial photosynthesis over acidic anatase TiO2 and montmorillonite[END_REF][START_REF] Kääriäinen | Determining Biogenic Content of Biogas by Measuring Stable Isotopologues 12CH4, 13CH4, and CH3D with a Mid-Infrared Direct Absorption Laser Spectrometer[END_REF][START_REF] Kandel | Chemical composition and methane yield of reed canary grass as influenced by harvesting time and harvest frequency[END_REF]; Halogen organo-compounds (60-74); Alkenes [START_REF]LNG quality[END_REF][START_REF] Cachia | Characterization and Comparison of Trace Metal Compositions in Natural Gas, Biogas, and Biomethane[END_REF]; Terpenes [START_REF] Papurello | Proton transfer reaction mass spectrometry for the gas cleaning using commercial and waste-derived materials: Focus on the siloxane removal for SOFC applications[END_REF][START_REF] Papurello | Evaluation of the Wheeler-Jonas parameters for biogas trace compounds removal with activated carbons[END_REF][START_REF] Papurello | Real-time monitoring of removal of trace compounds with PTR-MS: Biochar experimental investigation[END_REF][START_REF] Cappellin | PTR-MS in Italy: A Multipurpose Sensor with Applications in Environmental[END_REF][START_REF] Marriott | Separation Multidimensionality for Improved Sample Characterization-Is It Worth the Effort?[END_REF] and Siloxanes (82-89) [START_REF] Hilaire | Comprehensive twodimensional gas chromatography for biogas and biomethane analysis[END_REF] Table S1 

Nm 3 :

 3 Cubic meter in normal conditions (1 atm, 0°C) OFCEAS: Optical-feedback cavity-enhanced absorption spectroscopy PDMS: Polydimethylsiloxane PEG: Polyethylene glycol PET: Polyethylene terephtalate PTR: Proton transfer reaction PVF: Polyvinyl fluoride RSD: Relative standard deviation SCD: Sulfur chemiluminescence detector SIFT: Selected ion flow tube SPME: Solid-phase microextraction TCD: Thermal conductivity detector TD: Thermal desorption TMS: Trimethylsilanol TOF-MS: Time of flight mass spectrometry VMS: Volatile methyl siloxanes VOC: Volatile organic compound

7. 1 . 2

 12 Detection 7.1.2.1 Mass spectrometry MS is mandatory for identification of VOCs in biogas, including siloxanes, mixtures of hydrocarbons, terpenes, amines and mixtures of several families of compounds. A selection of relevant examples is given below. GC-MS can be used to target a specific chemical family of compounds. For example, MS permitted to identify siloxanes, the most studied family of compounds in biogas. Piechota et al. analyzed 7 siloxanes (L2, L3, L4, D3, D4, D5 and D6 i.e., dodecamethylcyclohexasiloxane) with a highly polar polyethylene glycol (PEG) column. The LOD was in the range of 0.01-0.03 µg/g and LOQ in the range of 0.04-0.06 µg/g. The maximum retention time was observed for D6 at 17.51 min [37]. 7 siloxanes (L2, L3, L4, L5 i.e., dodecamethylpentasiloxane, D3, D4, D5)

  et al. identified and quantified a total of about 160 compounds belonging to different chemical families (arenes, alkanes, alkenes, carbonyls, alcohols…) in different biogas from landfills [66]. Koziel et al. analyzed and quantified VOCs (dimethyl disulfide, dimethyl trisulfide, pyrimidine, phenol, p-cresol) by TWA (time weighting averaging)-SPME GC-MS (with a PEG column), with RSD from 5% to 13% [46]. If the analyzer mostly cited for mass spectrometry is the quadrupole, it should be noted that Hepburn et al. used Ion Trap MS to analyze hydrogen sulfide, carboxylic acids, ethers, alcohols [57].

Figure 2 :

 2 Figure 2 : GCxGC chromatogram of biogas obtained from a) landfill, b) sewage sludge and c) agricultural residues -Same scale of intensity: Mono-aromatics hydrocarbons(1-17); Polyaromatics hydrocarbons[START_REF] Arrhenius | Suitability of different containers for the sampling and storage of biogas and biomethane for the determination of the tracelevel impurities -A review[END_REF][START_REF] Paolini | Characterisation and cleaning of biogas from sewage sludge for biomethane production[END_REF][START_REF] Ghidotti | Determination of linear and cyclic volatile methyl siloxanes in biogas and biomethane by solid-phase microextraction and gas chromatography-mass spectrometry[END_REF][START_REF] Arrhenius | Methods for Sampling Biogas and Biomethane on Adsorbent Tubes after Collection in Gas Bags[END_REF][START_REF] Ghosh | Analysis of siloxanes in hydrocarbon mixtures using comprehensive two-dimensional gas chromatography[END_REF]; Alkanes[START_REF] Raich-Montiu | Analytical methodology for sampling and analysing eight siloxanes and trimethylsilanol in biogas from different wastewater treatment plants in Europe[END_REF][START_REF] Dandikas | Correlation between Biogas Yield and Chemical Composition of Grassland Plant Species[END_REF][START_REF] Ge | Fungal Pretreatment of Albizia Chips for Enhanced Biogas Production by Solid-State Anaerobic Digestion[END_REF][START_REF] Clark | Analyzing volatile organic siloxanes in landfill biogas[END_REF][START_REF] Arrhenius | Suitability of vessels and adsorbents for the short-term storage of biogas/biomethane for the determination of impurities -Siloxanes, sulfur compounds, halogenated hydrocarbons, BTEX[END_REF][START_REF] Eichler | Evaluation of sampling techniques for gas-phase siloxanes in biogas[END_REF][START_REF] Dannesboe | Removal of sulfur contaminants from biogas to enable direct catalytic methanation. Biomass Convers[END_REF][START_REF] Trabue | Bias of Tedlar bags in the measurement of agricultural odorants[END_REF][START_REF] Beghi | Use of poly(ethylene terephtalate) film bag to sample and remove humidity from atmosphere containing volatile organic compounds[END_REF][START_REF] Papurello | Biogas trace compound removal with ashes using proton transfer reaction time-offlight mass spectrometry as innovative detection tool[END_REF]; Cycloalkanes[START_REF] Papurello | Natural Gas Trace Compounds Analysis with Innovative Systems: PTR-ToF-MS and FASTGC[END_REF][START_REF] Papurello | Direct injection mass spectrometry technique for the odorant losses at ppb(v) level from nalophan TM sampling bags[END_REF][START_REF] Papurello | Proton transfer reaction mass spectrometry technique for the monitoring of volatile sulfur compounds in a fuel cell quality clean-up system[END_REF][START_REF] Kangas | Ammonia, hydrogen sulphide and methyl mercaptides in finnish municipal sewage plants and pumping stations[END_REF][START_REF] Piechota | Development of chromatographic methods by using direct-sampling procedure for the quantification of cyclic and linear volatile methylsiloxanes in biogas as perspective for application in online systems[END_REF][START_REF] Piechota | Siloxanes in Biogas: Approaches of Sampling Procedure and GC-MS Method Determination[END_REF]; Alcohols[START_REF] Wang | Investigation of volatile methyl siloxanes in biogas and the ambient environment in a landfill[END_REF][START_REF] Foppiano | Siloxane compounds in biogas from manure and mixed organic waste: Method development and speciation analysis with GC-ICP-MS[END_REF][START_REF] Calbry-Muzyka | Deep removal of sulfur and trace organic compounds from biogas to protect a catalytic methanation reactor[END_REF];
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 1 GC-FID: gas chromatography flame ionization detector; 2-LOD: limit of detection; 3-D4: octamethylcyclotetrasiloxane; 4-D5: decamethylcyclopentasiloxane; 5-PEG: polyethylene glycol; 6-LOQ: limit of quantification; 7-LQSS: liquid quench sampling system; 8-GC-TCD: gas chromatography thermal conductivity detector; 9-GC-MS: gas chromatography mass spectrometry; 10-TD: thermal desorption; 11-SPME: solid-phase microextraction; 12-GC-SCD: gas chromatography sulfur chemiluminescence detector; 13-GC-PID: gas chromatography photoionization detector; 14-GCxGC-MS: comprehensive two-dimensional gas chromatography mass spectrometry; 15-OFCEAS: optical-feedback cavity-enhanced absorption spectroscopy; 16-CRDS: cavity ring down spectroscopy; 17-FTIR: Fourier-transform infrared; 18-GC-ICP-MS: gas chromatography inductively coupled plasma mass spectrometry; 19-PTR-ToF:

  

  : Summary of techniques used for the analysis of renewable gases including sampling

		DB-Sulfur*	LQSS 7	Siloxanes,	Wastewater	4 compounds LOD/LOQ:	[41]
	Analytical	GC stationary phase	Gas sampling	Compounds alkenes	Input type Biowaste	Results quantified: N/D	References
	technique GC-TCD 8	Nitroterephtalic-acid-		Oxygen	digester Sewage Sludge 6 compounds limonene, α-	[74]
	step (N/D: not defined in the publication, N/A: not applicable modified PEG	compounds		pinene, p-LOD/LOQ:	
	GC-FID 1	5% phenyl/95%	Tedlar bags	Siloxanes	Municipal Solid	LOD 2 : 0.9 cymene, N/D	[26]
		dimethylpolysiloxane 100%		Terpenes	Waste	mg/m 3 for siloxane D5 5 terpenes	[64]
		dimethylpolysiloxane				D4 3 LOD/LOQ: LOQ: 2 ppmv	
	GC-MS 9	100%	Carbon cartridge	Siloxanes	LOD: 0.5 N/D Sewage Sludge 8 siloxanes	[19]
		N/D dimethylpolysiloxane		Siloxanes	N/D	mg/m 3 for 5 compounds LOQ: 0.001	[67]
						D5 4 Analysis time: mg/m 3	
		PEG 5	Impingers	Siloxanes	Wastewater	7 compounds 28 min D4 LOQ: 0.01	[37]
						LOD: 0.05-LOD/LOQ: mg/m 3	
						0.09 µg/g N/D D3 LOQ: 0.02	
		Nitroterephtalic-acid-		Oxygen	LOQ 6 : 0.10-Sewage Sludge 6 compounds mg/m 3	[74]
		modified PEG 5% phenyl/95%	TD 10 tube	compounds Siloxanes	Municipal Solid	0.14 µg/g. LOD/LOQ: D4 LOQ: 0.9	[26]
		dimethylpolysiloxane			Waste	Analysis time: N/D mg/m 3	
		Trifluoropropyl	Activated carbons Siloxanes,	12.793 min Sewage Sludge D4, D5, D5 LOQ: 0.5	[69]
		methylpolysiloxane		aromatics		Analysis toluene, mg/m 3	
		5% phenyl/95%	TD tubes, tedlar	Siloxanes	Wastewater	performed limonene and 8 siloxanes	
		dimethylpolysiloxane	bags and			24h after hexane LOQ: tedlar	
			impringers			sampling 0.02 mg/m 3	
				38			
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