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Due to the intermittent nature of renewable electricity, Power-to-X (PtX) processes require reactor concepts that can operate safely and efficiently under steady-state and dynamic conditions. This work presents a modular PtX lab-pilot plant for heterogeneously catalyzed reactions and demonstrates its application to dynamic CO2 methanation in a wall-cooled fixed-bed. The setup enables operation at pressures of up to 100 bar(g) and total flow rates of up to 410 LN min-1, while the methanation experiments presented here were conducted at 12 bar(g) and flow rates of up to 210 LN min-1. A key feature of the setup is the spatially resolved measurement of axial temperature profiles along the fixed-bed centerline and near the reactor wall using fiber-optic sensors with high spatial and temporal resolution. Stable operation was achieved over the investigated load range, including a load increase from 10 to 100 % within 10 min without exceeding the specified temperature limit. The measurements reveal a pronounced downstream displacement of the reaction zone during load increase and an asymmetric thermal response during feed-temperature perturbations, including wrong-way behavior. These results show that integral gas-phase data alone are insufficient to characterize the dynamic reactor state. To the best of our knowledge, this study is among the first to experimentally demonstrate highly load-flexible CO2 methanation in a wall-cooled fixed-bed reactor at industrially relevant loads. The spatially resolved temperature profiles provide a basis for subsequent model alignment and model-supported operation of load-flexible PtX reactors.
Introduction
Power-to-X (PtX) processes are a key route for coupling fluctuating renewable electricity with the chemical and energy sectors. Among these processes, the Power-to-Methane (PtM) concept is particularly attractive because it produces synthetic methane that can be stored, transported, and used within the existing natural-gas infrastructure. In PtM processes, electrolytically produced green hydrogen reacts with carbon dioxide via catalytic CO2 methanation according to Equation 1. However, the SABATIER reaction is highly exothermic and therefore requires effective heat removal to prevent excessive catalyst temperatures and ensure safe operation. Wall-cooled fixed-bed reactors are particularly promising for high-throughput PtM applications because they combine continuous heat removal with the scalability of multitubular fixed-bed reactor designs. Their operation is nevertheless strongly affected by radial heat-transfer limitations, hot-spot formation, and the temperature sensitivity of catalyst activity and stability. These challenges become particularly relevant at elevated pressure, high gas throughputs, and during transitions between steady-state operating points induced by load changes. Experimental data under such industrially relevant conditions are essential because thermal loads, radial temperature gradients, and transient hot-spot movements cannot be reliably assessed from low-load experiments alone.
	 
	(1)


Several studies have investigated cooled fixed-bed reactors for CO2, CO/CO2, or biogas methanation under technically relevant operating conditions, although the applied load ranges differ considerably. A meaningful comparison therefore requires distinguishing between reactor-specific load and processing scale: the gas hourly space velocity (GHSV) relates the feed flow to the catalyst-bed volume, whereas the absolute flow rate indicates the actual processing scale. Dannesboe et al. (2020) operated a full-scale, two-pass, boiling-water-cooled fixed-bed reactor for direct biogas methanation for 1,000 h at 20 bar(g), using total feed flows of 13–25.6 Nm3 h-1, corresponding to approximately 217–427 LN min-1. The study therefore provides important long-term evidence that wall-cooled fixed-bed reactors can handle high absolute gas throughputs without measurable catalyst deactivation or carbon-induced loss of activity. However, the proprietary reactor dimensions prevent a detailed assessment of the reactor design and the corresponding reactor-specific load. Krammer et al. (2024) investigated CO/CO2 methanation in naturally cooled and thermal-oil-cooled reactor tubes with an inner diameter of 14 mm at GHSV values of up to 29,000 h-1 and pressures of up to 6 bar. Their results show that active cooling and small tube diameters are essential for limiting catalyst temperatures at high loads. Small tube diameters improve radial heat removal but result in low reactor-to-particle diameter ratios, which may cause non-ideal flow behavior. However, the high GHSV values were achieved in laboratory-scale single tubes at comparatively low absolute flow rates. Herrmann et al. (2022) analyzed the operating window and steady-state flexibility of a laboratory-scale, two-stage methanation plant comprising 19 oil-cooled reactor tubes with an inner diameter of 14 mm, followed by an adiabatic reactor. A broad steady-state operating window was demonstrated at 13 bar and GHSV values of up to 4,000 h-1, making the study particularly relevant for integrated flexible plant operation, although at distinctly lower space velocities than those investigated by Krammer et al. (2024). Overall, these studies confirm the suitability of wall-cooled fixed-bed reactors for high-load methanation, while experiments combining high absolute gas throughput and high GHSV remain scarce.
Dynamic operation adds a further level of complexity. Load changes, feed-temperature variations, or cooling perturbations can induce delayed thermal responses, moving reaction zones, and non-intuitive temperature excursions. Accordingly, experimental dynamic studies remain scarce. Tauer et al. (2019) investigated flow-rate step changes from 7.5 to 60 L h-1 (STP), corresponding to only 0.125–1.0 LN min-1, in a wall-cooled fixed-bed reactor at 1 bar. The experiments revealed pronounced wrong-way behavior during the flow-rate transitions. Fischer et al. (2019) compared reactor models for dynamic CO2 methanation in a wall-cooled fixed-bed reactor and showed that the chosen model structure strongly affects the predicted transient behavior; however, such model comparisons are typically tied to laboratory-scale dynamic data rather than high-throughput pilot experiments. Bremer (2020) investigated advanced operating strategies for wall-cooled fixed-bed reactors using a dynamic two-dimensional model for CO2 methanation. In addition, spatially resolved temperature measurements were conducted in an industrial-scale single-tube reactor with an inner diameter of 20 mm and a catalyst-bed length of 2 m. The reactor was operated at feed flows of up to 35 LN min-1, corresponding to a GHSV of approximately 3,340 h-1. Distributed fiber-optic temperature sensing (DTS) provided detailed axial temperature profiles along the reactor centerline. Such measurements are particularly important because the internal temperature field is highly sensitive to heat release, heat removal, flow distribution, and reaction-front movement. These data also support the interpretation of non-intuitive thermal responses during cooling perturbations, including wrong-way behavior. However, the experiments were explicitly intended as an initial basis for model validation and calibration and focused on selected perturbations rather than systematic high-load operation. Higher loads, systematic load changes, and extended dynamic experiments therefore remained open experimental steps. Spatially and temporally resolved high-load pilot data are thus essential not only for robust model assessment, but also for developing a mechanistic understanding of the thermal behavior of wall-cooled fixed-bed reactors under dynamic high-load operation and application-oriented methanation conditions.
The present work addresses this gap by investigating CO2 methanation in a modular PtX lab-pilot plant under industrially relevant loads. The broader experimental campaign covered pressures of 5–15 bar(g), while the experiments presented here were conducted at 12 bar(g) and feed flow rates of 21–210 LN min⁻¹, corresponding to GHSV values of up to 17,000 h⁻¹. In terms of absolute gas throughput, this operating range is comparable to the lower full-scale feed-flow case reported by Dannesboe et al. (2020) and approaches the high-capacity GHSV range investigated by Krammer et al. (2024). Two fiber-optic temperature sensors are installed along the reactor axis, one at the fixed-bed centerline and one near the reactor wall, providing spatially and temporally resolved axial temperature profiles. The experiments comprise steady-state operating points and transient perturbations, including load changes and feed-temperature variations. The resulting temperature and gas-composition data are not intended for comprehensive dynamic model validation within this contribution. Instead, they establish a structured experimental basis for comparison with computationally efficient reactor models and for assessing how high-resolution pilot-plant data can support subsequent model alignment and validation.
Methodology 
The experiments were conducted in a modular PtX lab-pilot plant designed for heterogeneously catalyzed gas-phase reactions under industrially relevant operating conditions. The plant operates at pressures of up to 100 bar(g) and total feed flow rates up to 410 LN min-1. Its modular reactor section enables the investigation of
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Figure 1: Simplified process flow diagram of the modular PtX lab-pilot plant used for dynamic biogas methanation experiments, including feed-gas dosing, feed preheating, the wall-cooled fixed-bed reactor, product gas cooling and gas analysis.
[bookmark: _Hlk235641486]different PtX reactions using interchangeable reactor concepts at different scale-up levels. In the present study, a single representative tube of an industrial-sized wall-cooled fixed-bed reactor was used for biogas CO2 methanation. Figure 1 shows a simplified process flow diagram of the lab-pilot plant, including the feed-gas dosing, preheating, reactor, cooling, and gas-analysis sections.
Experimental setup: Multipurpose PtX lab-pilot plant 
The feed gases CO2, H2, CH4, and N2 are supplied from compressed-gas cylinders and individually dosed using mass flow controllers (FIC001–FIC007). After mixing, the feed can be directed either through the reactor or through a reactor bypass used during start-up, purging, and preheating. In the reactor line, two pneumatic control valves (PV006 and PV007) divide the feed between an electrically heated preheating system (WT003–WT005) and a cold-gas bypass. Mixing the two partial streams upstream of the reactor enables precise control of the reactor inlet temperature (PID001) and rapid feed-temperature changes during transient experiments.
The fixed-bed reactor is cooled through the reactor wall by thermal oil (Marlotherm SH) supplied by a high-temperature thermostat (WT001) and circulated through the reactor jacket in co-current flow with the process gas. Pressure transmitters (P010 and P011) are installed directly upstream and downstream of the catalyst bed to determine the pressure drop across the reactor. The reactor has an inner diameter of 25 mm and a length of 1.6 m, while the reactor-to-particle diameter ratio DR/dp is specified only within a range of 5–8 for industrial confidentiality reasons and cannot be fully disclosed. The catalyst is specified as a Ni-based, Al2O3-supported methanation catalyst. The operating conditions and measured reactor responses are reported in sufficient detail to enable interpretation of the dynamic reactor behavior.
A central feature of the setup is the spatially resolved temperature measurement (distributed temperature sensing, DTS) within the catalyst bed. Two fiber-optic temperature sensors based on Rayleigh scattering are installed axially, one along the fixed-bed centerline and one near the reactor wall. The sensors provide axial temperature profiles with a spatial resolution of approximately 1.3 mm and an acquisition rate of up to 20 Hz. The measurement system resolves the formation, displacement, and relaxation of hot-spots during steady-state and transient operation. These spatially and temporally resolved data provide a detailed basis for analyzing the thermal reactor behavior and for future model alignment.
[bookmark: _Hlk235641562]Downstream of the reactor, the product gas is cooled and condensed water is removed (B001, B002). A defined partial flow of the dry product gas is directed to the analytical section, while the main stream enters the exhaust line. Transient gas compositions are measured on-line using an infrared and thermal-conductivity-based analyzer (Messkonzept FTC400), whereas a gas chromatograph system (Agilent 7890B) equipped with a thermal conductivity detector provides more accurate steady-state measurements. The reactor pressure is controlled by a dome pressure regulator (Equilibar Research Series) installed in the exhaust line.
Experimental procedure and operating conditions
The experimental procedure was designed to characterize the reactor behavior at steady-state operating points and during dynamic transitions between them. The investigated perturbations comprised changes in reactor load and inlet temperature. Although the setup also permits variations in coolant temperature and feed composition, these were not considered in the present work. All experiments presented here were conducted at a reactor pressure of 12 bar(g) and a coolant temperature of 220 °C. Initially, steady-state experiments were performed across the investigated load range from 10 to 100 % to verify stable reactor operation and to confirm that all measured temperatures remained below the temperature limit of the fiber-optic temperature sensors (550 °C). Before each transient experiment, the reactor was operated until steady temperature profiles and stable product-gas compositions were obtained. These steady-states served as reference points for evaluating the subsequent dynamic response.
In a first series of experiments, load-flexibility was investigated. The total feed flow rate was continuously ramped from 10 to 100 % load over 10 min, corresponding to an increase from 21 to 210 LN min-1, thereby representing a transition from partial- to full-load operation. The feed composition, reactor inlet temperature, and coolant temperature were kept constant, allowing the observed response to be attributed primarily to the increase in gas throughput and reaction heat release.
In a second series of experiments, the reactor inlet temperature was increased from 60 to 160 °C and subsequently reduced to 60 °C. The total feed flow rate, feed composition, and coolant temperature were kept constant to isolate the thermal response and to analyze how changes in the feed temperature affect the position and intensity of the reaction zone inside the fixed bed.
During all experiments, axial temperature profiles were recorded continuously at both radial sensor positions. The product-gas composition was measured using the on-line gas analyzer and supplemented by gas-chromatographic measurements. The combined temperature and gas-phase data were used to assess steady-state reactor performance and transient hot-spot displacement and to provide an experimental basis for subsequent model alignment and validation in future work.
Results and discussion
The following section discusses the dynamic reactor response to two perturbation scenarios relevant to PtX operation. First, the response to a tenfold load increase is investigated, representing a rapid transition from partial- to full-load operation under fluctuating renewable-electricity availability. Second, the response to feed-temperature variations at constant gas throughput is investigated. The discussion focuses on the spatial displacement of the reaction zone and on the additional information provided by fiber-optic temperature profiles beyond integral conversion data.
Load-change experiment: transition from low-load to high-load operation
Figure 2 shows the axial temperature profiles during the continuous load ramp from 10 to 100 % over 10 min. At 10 % load (t0), the CO2 conversion exceeds 95 % and approaches the thermodynamic equilibrium limit. At full load (t2), the conversion decreases due to the reduced residence time but still remains above 80 %. The new steady-state temperature profiles were established approximately 19 min after the start of the ramp. This confirms stable reactor operation across the investigated load range.
The spatially resolved temperature profiles reveal a pronounced displacement of the reaction zone during the load change rather than a substantial increase in the maximum hot-spot temperature. At 10 % load, the hot-spot is located close to the reactor inlet. As the reactor load increases, the hot-spot shifts downstream, while the maximum centerline temperature remains nearly constant; small local variations during the load ramp are likely caused by packing inhomogeneities. A corresponding downstream displacement is also observed in the near-wall temperature profile. At full load, the elevated-temperature region extends over a larger fraction of the catalyst bed, indicating improved catalyst utilization, while the inlet section mainly serves as a preheating zone. Simultaneously, the near-wall temperature increases, reducing the radial temperature gradient and indicating radial broadening of the hot-spot region. Despite radial temperature differences of up to 250 K, stable operation is maintained throughout the transition. The downstream displacement and broadening primarily result from the reduced residence time and increased total heat release, whereas radial heat-transfer resistance and thermal 
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Figure 2: Axial temperature profiles during a continuous load ramp from 10 % (21 LN min-1; GHSV = 1,700 h-1) to 100 % load (210 LN min-1; GHSV = 17,000 h-1) over 10 min at 12 bar(g), Tcool = 220 °C, and constant molar feed composition (CO2:H2:CH4 = 1:4:2).
 
inertia contribute to the radial temperature gradients and the delayed thermal response. While the gas composition reflects the change in overall conversion during the load change, the fiber-optic temperature measurements reveal the internal movement of the reaction zone and the delayed thermal response of the fixed-bed, thereby supporting mechanistic understanding and future model validation.
The near-wall temperature profile shows several local temperature peaks, whereas the centerline profile remains comparatively smooth. The wall-side fluctuations can be attributed to direct contact between the sensor and catalyst particles. In contrast, the centerline sensor is installed in an additional capillary, which reduces these effects. Nevertheless, the measured steep axial gradients indicate negligible smoothing by the capillary.
Feed-temperature perturbation
Figure 3 shows the reactor response to a feed-temperature perturbation at constant gas throughput. The reactor inlet temperature was increased from 60 to 160 °C and subsequently reduced to 60 °C. All steady-states (t0, t2, t3, t5) achieved the same CO2 conversion exceeding 90 %, indicating that the perturbation primarily altered the internal temperature distribution rather than the integral reactor performance. During the feed-temperature increase, the reaction zone shifts upstream and the hot-spot temperature temporarily decreases (t1). The new steady-state profile (t2) is established after approximately 205 s. In contrast, reducing the feed temperature causes a downstream displacement of the reaction zone, accompanied by a transient increase in the hot-spot temperature (t4). The relaxation to the new steady-state (t5) is slower and requires approximately 335 s.
The different transition times indicate that heating and cooling of the reactor are asymmetric. This behavior can be attributed to the interaction between convective heat input, reaction heat release, radial heat removal, and the thermal inertia of the fixed bed, with the different characteristic timescales of reaction and radial heat removal playing a particularly important role. After the feed temperature is reduced, the upstream reaction rate decreases rapidly, allowing a less-converted gas mixture to penetrate further into the hot catalyst bed. There, the reactants are rapidly heated and converted, causing a temporary downstream intensification of the hot-spot. As reaction heat release occurs faster than radial heat removal, the temperature initially rises despite the colder feed, resulting in characteristic wrong-way behavior. During the feed-temperature increase, the ignition temperature is reached further upstream, shifting the reaction zone toward the inlet, while heat absorption by the catalyst bed causes a temporary decrease in the hot-spot temperature. The faster response during the temperature increase is governed mainly by the rapid reaction, whereas the slower response during the decrease is governed by slow radial heat removal and the thermal inertia of the reactor system.
The feed-temperature perturbation does not change the overall heat release rate. Instead, it modifies the thermal boundary condition at the reactor inlet and thus the position at which the reaction is ignited. The spatially resolved temperature profiles reveal this internal displacement even though the overall conversion remains unchanged. Such perturbations are relevant to PtX operation, where feed-temperature changes may arise from upstream heat integration or preheater operation. For scale-up, the observed behavior argues against increasing the reactor-tube diameter, as longer radial heat-transfer paths and greater thermal inertia may amplify and prolong wrong-way behavior. The results therefore support numbering-up of small-diameter tubes rather than diameter scale-up as a preferred strategy for increasing capacity.
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Figure 3: Axial temperature profiles for feed-temperature perturbation experiments from 60 to 160 °C (left) and back to 60 °C (right) at a feed flow rate of 60 LN min-1 (GHSV = 4,900 h-1), 12 bar(g), Tcool = 220 °C, and constant molar feed composition (CO2:H2:CH4 = 1:4:5).
Conclusions
This work demonstrated dynamic CO₂ methanation in a modular PtX lab-pilot plant equipped with a wall-cooled fixed-bed reactor and spatially resolved fiber-optic temperature sensing. At 12 bar(g), stable operation was maintained from 10 to 100 % load (21–210 LN min-1; GHSV = 1,700–17,000 h-1). During a continuous load ramp over 10 min, the investigated reactor was transferred rapidly from partial- to full-load operation, demonstrating the suitability of the wall-cooled fixed-bed reactor concept for load-flexible operation of heterogeneously catalyzed reactions in PtX processes. Feed-temperature perturbations produced an asymmetric thermal response: following the temperature increase, a new steady-state was reached within approximately 205 s, whereas the reverse transition required approximately 335 s and exhibited transient downstream hot-spot intensification characteristic of wrong-way behavior. This asymmetry results primarily from the different timescales of reaction heat release and radial heat removal and may become more pronounced with increasing reactor-tube diameter. These results additionally show that dynamic reactor behavior cannot be sufficiently characterized by integral conversion or outlet-gas composition alone, as spatially resolved temperature profiles reveal internal reaction-zone shifts even when the overall conversion remains unchanged. Temperature measurements with high spatial and temporal resolution, e.g. DTS, are essential for identifying hot-spot movement, radial temperature gradients, and delayed thermal relaxation. The resulting dataset provides a valuable experimental basis for future model validation and the development of model-supported operating strategies for load-flexible PtX reactors.
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