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 7 
Abstract: Renewable energy (RE) sources like wind and solar power have been introduced to 8 
power systems to make the energy market more sustainable and environmentally friendly. 9 
For this reason, the supply-demand mismatch in power systems is more severe than before, 10 
in terms of both frequency and magnitude. It is therefore necessary to reinforce the 11 
capability to make supply and demand adjustments in power grids. Here, we clarified the 12 
dynamic characteristics of biogas plants with combined heat and power (CHP) systems, that 13 
represent controllable RE power sources, and evaluated the possibility of using these systems 14 
as a new resource for supply-demand adjustments in the power grid. Additionally, the 15 
properties of the exhaust gas from the investigated CHP engines were measured as an 16 
environmental evaluation. We considered real-world biogas CHP systems operating in both 17 
Germany and Japan. Based on the results, biogas CHP systems have the potential to 18 
contribute to a long-term power equivalent adjustment such as tertiary control reserve 19 
(TCR) in Germany. However, these systems required several minutes between starting and 20 
stopping. Furthermore, increased emissions of methane and formaldehyde were measured 21 
when the CHP systems were starting up. We found that an operation with as few starts and 22 
stops as possible is therefore desirable. 23 
 24 
Keywords: 25 
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 27 
1. Introduction 28 
With the introduction of renewable energy (RE) power sources̶whose output depends 29 
greatly on weather conditions̶maintaining a real-time supply-demand balance becomes 30 
increasingly challenging. Due to such operational difficulties, ten electric power companies 31 
have been granted regional monopolies in Japan. In August 2011, the Special Measures Law 32 
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concerning the procurement of RE electricity by electric utilities was enacted, while on July 33 
1, 2012 a, "Feed-in Tariff Scheme for Renewable Energy" (FIT), requiring electric utilities 34 
to procure electricity generated using solar, wind, hydro, geothermal, and biomass for a fixed 35 
period at a fixed price set by the government, was introduced [1]. Power supply facilities 36 
were greatly affected by the Great East Japan Earthquake of March 11, 2011. Hence, there 37 
are growing expectations in Japan for a power source that can reduce greenhouse gas 38 
emissions while simultaneously ensuring energy security. The Japanese Ministry of 39 
Economy, Trade and Industry has also announced a policy to increase the ratio of RE power 40 
sources in the power supply mix by 2030 from about 22% to 24% [2]. Hence, the 41 
supply-demand mismatch is more severe than before in terms of both frequency and 42 
magnitude, and it is necessary to reinforce the supply-demand adjustment capability. Until 43 
now, supply-demand adjustments have been resolved by either increasing or decreasing the 44 
output of conventional power sources, such as thermal power plants, but the power 45 
generation capacity of such sources has decreased, and therefore the supply-demand 46 
adjustment capability of the power system has decreased. [3]. Additionally, conventional 47 
power plants, such as coal-fired plants, have an inferior dynamic performance and long cold 48 
start-up times of up to 48 hours [4]. In recent years the stabilization of power grids by 49 
controlling battery storages has been studied [5][6]. 50 
In many European countries the challenge of managing the fluctuations from renewable 51 
energy sources, such as wind power, has already been addressed. As far back as 2002 a study 52 
in Denmark investigated a self-supply strategy by managing the fluctuation from wind 53 
power with combined heat and power (CHP) units and selling excess electricity to 54 
neighboring countries [7]. In Germany and other parts of Europe, where FITs have been 55 
developed and RE power is increasing, CHP systems, such as biogas plants, are already 56 
being used to regulate capacity in transmission lines. In Germany, additional adjustment 57 
capacity is procured by the grid operator through auctions a day or week in advance. The 58 
power to be procured consists of three levels: primary control reserve (PCR),  secondary 59 
control reserve (SCR) and  tertiary control reserve (TCR) that are required to supply 60 
electricity within 30 s, 5 min and 15 min, respectively. German biogas CHP systems can 61 
participate in this market, typically as SRC or TCR, with operators of the power control pool 62 
managing individual plants and dealing with grid operators. Since the biogas plant would be 63 
remotely controlled by the pool operator, it is necessary to respond quickly to increasing 64 
power demand, and to shut down the CHP system when grid power becomes excessive [8]. 65 
When a CHP system responds to a supply-demand target as an adjustment capability, 66 
responsiveness (speed) and adjustment capability (control range) are important parameters. 67 
Many studies have been published regarding the optimization of operational strategies, for 68 
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example for the day-ahead spot market [9], by increasing the power [10] and storage 69 
capacity of biogas plants [10, 11], by integrating heat pumps with CHP units [12] or by 70 
utilizing local resources ahead of central power plants [13,] or the profitability, by using 71 
thermal storage and Organic Rankine Cycle (ORC) technology [14], by simulating the 72 
effects of providing positive secondary control energy with biogas plants [15], by comparing 73 
operation of plants using solid, liquid and gaseous biofuels and the legislative and market 74 
conditions in Germany [16], by simulating different operational scenarios of a biogas plat 75 
participating in the spot market and control energy reserves [17] or by conducting an 76 
economical and ecological assessment based on different biogas plant configurations [18], of 77 
CHP systems. In a previous study a demand response program for an industrial customer 78 
was implemented using stochastic programming to solve short-term self-scheduling 79 
problems for CHP systems and enable them to participate in the power market more 80 
successfully [19]. In a different study the same authors investigated different demand 81 
response programs to serve the power and heat demands of the customer with minimum cost 82 
[20].  83 
Another study has clarified that a CHP system can follow various load fluctuations in a 84 
microgrid [21]. Aghaei et.al. [22] investigated optimal operation strategies for CHP based 85 
microgrids regarding minimizing operational costs. The study shows that by implementing 86 
an optimized demand response program the operational costs could be reduced considerably 87 
[22]. A further study showed the necessity of precise assessment of reserve capacity of CHP 88 
units when managing load fluctuations in the power grid, when operating such units in 89 
conjunction with district heating networks [23]. These studies show that extensive work has 90 
been done regarding optimizing operational strategies of various CHP systems. However, all 91 
these evaluations have used simulations; there are few characteristic evaluations based on 92 
measurements using actual CHP systems. Furthermore, they do not address the specific 93 
demands of rural biogas CHP systems. Regarding actual on-site measurements Tappen et.al. 94 
[24] investigated the efficiency of 8 biogas CHP system over a long period of time (40,000 95 
to 60,000 operating hours). They have confirmed that the continuous operation of biogas 96 
CHP systems under a partial load is accompanied by a significant decline in electrical 97 
efficiency [24]. 98 
In this study, we clarified the dynamic characteristics of biogas CHP systems that represent 99 
controllable power sources among RE systems and evaluated the possibility of load response 100 
to utilize biogas CHP systems as a new supply-demand adjustment resource to supplement 101 
the output of naturally fluctuating power sources in rural Japan, where the management of 102 
load fluctuations in the power grid is very difficult [25].  103 
The emphasis of the on-site measurements was on the load response of the biogas CHP 104 
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systems. Additionally, we measured the exhaust gas emissions during transient operation to 105 
evaluate the environmental impact of part load and load response operation. In previous 106 
studies both the greenhouse gas emissions, such as carbon dioxide (CO2) and methane 107 
(CH4), [26, 27, 28, 29] and the pollutant emissions, such as nitrous oxides (NOX) or carbon 108 
monoxide (CO) [26, 29, 30] have been investigated with on-site measurements at nominal 109 
load. When regarding GHG emissions the CHP exhaust emissions were identified as the 110 
second major source of methane emissions at biogas plants, after open storage of digestate 111 
[26, 28]. Considering the pollutant emissions under current Japanese law, biogas CHP 112 
systems do not fall under the category of fuel stipulated in the Air Pollution Control Law, so 113 
emissions are unregulated. However, in Europe such emissions regulations exist [31] and 114 
particularly in Germany the current standards for CHP systems with an electric rated output 115 
of over 1 MW were enforced recently [32]. A study showed, that when investigating 10 116 
biogas CHP systems in Italy, the investigated biogas plants were within prescribed limits, as 117 
well as the German limits, for NOX and CO over one year of monitoring, while transient 118 
operation was not specifically analyzed [27]. However, there are still very few studies 119 
regarding the environmental impact of part load and transient operation of biogas CHP 120 
systems. Hijazi et.al [33] investigated the specific greenhouse gas (GHG) emissions of 121 
biogas CHP units in flexible operation. They found that the specific GHG emissions under 122 
part load are higher than at full load due to the decrease in efficiency of the CHP unit at part 123 
load [33].   124 
This study is necessary to utilize various resources in future power systems, with the 125 
viewpoint of increasing naturally fluctuating power sources, while maintaining stable 126 
operation of the power grid in rural areas of Japan. Additionally, the environmental impact 127 
of the management of fluctuations in the power grid is of the utmost importance when 128 
regarding the future operation of biogas CHP systems. This paper intends to bridge the gap 129 
between the proven technologies and practices in Germany and the current state in rural 130 
Japan, while considering the importance of environmentally friendly solutions and 131 
sustainable operation. Being a global issue, it is imperative to secure appropriate adjustment 132 
capacity efficiently and effectively by expanding the introduction of natural power sources, 133 
while utilizing currently available infrastructure, such as biogas plants.  134 
 135 
2. Methodology 136 
Nine biogas CHP systems from Japan and Germany generating electricity using biogas 137 
produced by fermentation were targeted. The raw material for the biogas was a mixture of 138 
corn feed and pig/dairy cow manure in Germany and dairy cow manure in Japan. Since the 139 
CHP systems were practical ones operating on farms in both countries, the properties of 140 
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biogas used in each CHP system were not uniform. The methane concentration of the 141 
biogas on the German biogas plants ranged between 55% and 65%. All German biogas 142 
plants implemented desulfurization of the biogas. At most small traces of H2S were detected 143 
in the biogas. Additionally, two natural gas CHP systems were included for comparison to 144 
the biogas CHP systems. These units were operated with so-called H-Gas (high-calorific 145 
gas), which had a methane concentration of over 94% at the time of the measurements.  146 
Table 1 gives an overview of the investigated CHP systems. 147 
 148 

Table 1 Overview of Biogas CHPs and Natural gas CHPs  149 

 150 
*1 Biogas CHPs: Biogas combined heat and power systems 151 
*2 Natural gas CHPs: Natural gas combined heat and power systems 152 
*3 CHP unit runs at a reduced power output of 500 kW  153 
*4 CHP unit runs at a reduced power output of 150 kW   154 
*5 G: Germany, J: Japan 155 
*6 OC: Oxidation Catalyst, TPC: Thermal Post-Combustion 156 
 157 
The load responsiveness depending on the output, as well as the startup and shutdown 158 
characteristics were investigated for all CHP systems. Fig.1 shows the measurement setup. 159 
An electric power logger was installed after the generator of each CHP system. Using a 160 
PW33601 clamp-on power logger, voltage (V), current (A), and active power (kW) were 161 
measured at intervals of 1 s. 162 
 163 
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 164 
Fig.1 Measurement Setup 165 

 166 
The startup response time Δtstartup was defined as the interval between the start command 167 
(0 s) and when the CHP system reached nominal load (100%). This interval can be split into 168 
two phases: the synchronization phase and the load ramp (Fig.2).  169 

 170 
Fig.2 Startup response time 171 

 172 
The step response time Δtstep was measured as the interval between giving the step command 173 
and the CHP system reaching the specific load (Fig.3). The command value was changed in 174 
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10% steps starting from nominal load and ending at 50% of nominal load, before increasing 175 
the power output stepwise back up to nominal load. Based on the step response time Δtstep 176 
and the value of the load step Δloadstep, the step response speed or ramp mP could be 177 
calculated [34].  178 
 179 
∆𝑙𝑜𝑎𝑑௦௧௘௣ ൌ  ሺ𝑃ଵ െ 𝑃ଶሻ ∗  𝑃௡௢௠௜௡௔௟      (1) 180 

𝑚௉ ൌ  
∆௟௢௔ௗೞ೟೐೛
∆௧ೞ೟೐೛

        (2) 181 

 182 
Fig.3 Step response time 183 

 184 
The environmental impact of the five German biogas CHP systems and two natural gas 185 
CHP systems were also analyzed. The concentration of components from the exhaust gas of 186 
the CHP systems were measured using a Fourier Transform Infrared (FTIR) CX40002 187 
spectrometer. Gas was sampled continuously from the exhaust pipe of the CHP systems 188 
downstream from the exhaust gas aftertreatment with a heated probe (Fig. 1). The exhaust 189 
gas was supplied to the measuring device using a heated flexible tube that was constantly 190 
heated to 180 °C to prevent water precipitation in the device. Residual oxygen in the 191 
exhaust gas was measured using a PMA103 paramagnetic oxygen analyzer and was measured 192 
dry, i.e., when cooled to 5 °C and water vapor is precipitated and removed from the sample.  193 
During the step response and startup/shutdown experiments, concentrations of CO, NOX, 194 
CH4), formaldehyde and sulfur dioxide (SO2) in the exhaust-gas were measured. These 195 
values represent dry exhaust-gas by subtracting measured amounts of water vapor from 196 
exhaust-gas. For the step response tests the concentrations of exhaust-gas components were 197 
analyzed as mass concentrations (mg/m³) and referred to a residual oxygen concentration of 198 
5 Vol.-% as specified by the German Emissions Standard TA Luft [35]. During the startup 199 
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and shutdown tests the direct volumetric exhaust-gas concentrations were analyzed. These 200 
results were not referenced to 5 Vol.-% residual oxygen to prevent a distortion of the 201 
measurements due to the varying residual oxygen content during the startup and shutdown 202 
phases. All measurements were performed downstream form the exhaust gas catalyst. The 203 
catalysts were in variable state of conditions due to the investigated biogas plants being 204 
real-world plants in actual operation. No in-depth inspections of the catalysts or 205 
measurements were made during the measurement campaign.  206 
 207 
3. Results and discussion 208 
3.1 Biogas CHP system performance 209 
3.1.1 Electric and thermal outputs efficiency 210 
Fig. 4 shows the values of electric efficiency and thermal output efficiency of each CHP 211 
system at nominal load as published in the manufacturers data sheets.  212 

 213 
Fig.4 Electric, Thermal output and overall Efficiency of the CHP systems 214 

*1 Biogas CHPs: Biogas combined heat and power 215 
*2 Natural gas CHPs: Natural gas combined heat and power 216 
 217 
CHP systems, with a high electrical output, were more efficient than smaller CHP systems, 218 
with the exception of “J-BG-4”, a state-of-the-art biogas CHP system with a high electrical 219 
output efficiency. “J-BG-1” had an extremely low thermal output efficiency at 23.0%, due to 220 
the manufacturer designing this unit considering the low heat utilization potential on site. 221 
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While “G-BG-3” and “G-BG-5” both reached high thermal output efficiencies of 50.2%. In 222 
general, the thermal output efficiency is not only dependent on the technology used for the 223 
CHP system, but also on the intended application of the heat. The thermal output efficiency 224 
depends on the heat utilization. The average overall efficiency (electrical output + thermal 225 
output) of German and Japanese CHP systems was 84.9% and 78.4%, respectively. 226 
“G-NG-1,” a natural gas operated unit, uses a turbocharged lean burning engine. The 227 
second baseline system, “G-NG-2,” is a naturally aspirated and stoichiometrically operated.  228 
 229 
3.1.2 Startup dynamic characteristics 230 
Fig. 5 shows the load characteristics during the startup process of the CHP systems.  231 

 232 
Fig.5 Start-up response 233 

*1 BG: Biogas CHP 234 
*2 NG: Natural gas CHP 235 

 236 
This represents the time that elapsed from the start command given to each device until it 237 
reached the rated output. “G-BG-1,” “G-BG-5,” and “G-BG-2” took 72 s, 124 s and 211 s, 238 
respectively, until the rated output was reached. This positively affected the stability of the 239 
power output. Although it would be possible for these systems to contribute to TCR and 240 
SCR, a PCR supply from a central power plant or storage battery would still be required.  241 
“G-BG-4” and “G-BG-3” showed slower response times during the startup process than the 242 
other German systems reaching rated loads in 324 s and 310 s, respectively. Moreover, they 243 
show increased power output fluctuations in two separate situations: During the startup 244 
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process for both CHP systems; and, before the engine of “G-BG-3” could reach stable rated 245 
operation. 246 
All Japanese biogas CHP systems took more than 400 s to reach the rated output from the 247 
start command. “J-BG-2” has a better startup responsiveness than “J-BG-4” and they 248 
reached their rated loads in 247 s and 456 s, respectively. It was observed that regardless of 249 
the size of a CHP system, the output initially increased to about 40‒50% of the rated output 250 
after startup, and then, after a short stable operation at this load, continued increasing until 251 
it reached the respective rated output. 252 
“G-NG-2,” being a relatively small engine, reached the rated output at a faster rate, i.e., 253 
within 116 s, compared to “G-NG-1” (299 s). “G-NG-1,” which was issued with settings to 254 
provide a SCR on the German power control market, reached the rated output in under the 255 
required 5 min limit, but as slowly as possible to provide the most stable startup process 256 
possible.  257 
 258 
3.1.3 Shutdown dynamic characteristic 259 
Fig. 6 shows the load characteristics when the CHP systems are shutdown.  260 

 261 
Fig.6 Shut-down response 262 

*1 BG: Biogas CHP 263 
*2 NG: Natural gas CHP 264 
This indicates the elapsed time from the issuance of a stop command during rated operation 265 
until the output reaches 0 kW. After the generator connection to the grid is cut, the engines 266 
of the CHP systems have a 30 s to 60 s cool down phase in idle operation that was not 267 
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included in the evaluation. Three general response characteristics could be defined from the 268 
experimental test once the stop command is issued: (1) The output of the stop characteristic 269 
decreases linearly. (2) The output decreases linearly to about 30‒70% of rated output, then 270 
after a short period that load decreases to 0 kW at a faster rate. (3) The output decreases 271 
linearly to about 10% of rated output and after a certain time is reached at this load, the 272 
CHP shuts down.  273 
For “G-BG-5”, “G-BG-4”, “G-BG-2” and “J-BG-2”, the behavior classified in (1) is 274 
observed. The output decreases at a constant rate for these systems. This is not suitable for 275 
applications requiring high load responsiveness. The time required for the power output of 276 
these systems to reach 0 kW was 101 s, 162 s, 163 s and 120 s, respectively. The result of 277 
“J-BG-1” is a stop characteristic based on an automatic shutdown which occurs when the 278 
level of the gasbag of the biogas plant reaches a certain value. This CHP system does not 279 
include a manual stop mechanism, so only startup and automatic shutdown responses could 280 
be assessed. “G-BG-3” and “J-BG-4”, show a behavior classified in (2). They adopt a control 281 
program that does not generate a sudden load drop, even when stopped to protect the 282 
generator. The time required for the power output of these systems to reach 0 kW was 64 s 283 
and 83 s, respectively "J-BG-4" had an output fluctuation: A short stoppage time of 59 s, 22 s 284 
and 2 s from the stop command to 50%, 30%, and to 0 kW of the rated output, respectively, 285 
were realized. “G-BG-1”, displayed a behavior classified in (3). It reduced its load from the 286 
stop command to 10% of the rated output in only 39 s, but continued operating at this load 287 
for about 2 min. This CHP system uses an asynchronous generator, i.e., it is always 288 
connected to the grid when operating even in the 2 min cool down phase at 10% load. Such 289 
a generator responds quickly during startup, and can be suitable for a quick shutdown, if 290 
only 90% of its capacity is defined as control reserve. 291 
It was observed that the response speed of the shutdown was faster for smaller CHP systems. 292 
The shutdown characteristics defined by (1) protect the CHP system from ramp load 293 
fluctuations best, followed by those defined by (3) and (2). 294 
“G-NG-2” had a quick shutdown time of 109 s due to the small size of the engine while 295 
“G-NG-1” took 26 s to shut down, but still representing a short shutdown time, considering 296 
the size difference of the engine.    297 
 298 
3.1.4 Step response characteristics 299 
Fig. 7 shows the rate of change when the value of issued command is increased by 300 
increments of 10% starting from minimum output of 50%. The results represent the mean 301 
values from the start command until the unit reaches the new set-point. The electric output 302 
was measured in 1 s intervals. 303 
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 304 
Fig.7 Step responses (Increase output by 10%) 305 

*1 BG: Biogas CHP 306 
*2 NG: Natural gas CHP 307 
 308 
Fig. 8 shows the rate of change when output values are decreased by factors of 10% starting 309 
from rated output.  310 
 311 

 312 
Fig.8 Step responses (decrease output by 10%) 313 

*1 BG: Biogas CHP 314 
*2 NG: Natural gas CHP 315 
 316 
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Fig. 7 and 8 help us evaluate the response characteristics of the biogas CHP systems. The 317 
horizontal axis depicts the ratio to the rated output (utilized output) and represents the 318 
operating state (output before change) at the time of issuing the command. The vertical axis 319 
is the output change rate (%/s) based on the rated capacity of each CHP system. Fig. 7 and 320 
8 show that the larger the absolute value of output change rate for each 10% output step, the 321 
better the response characteristics.  322 
As per Fig. 7, when the output was changed from the 90% state to the rated output (A), 323 
there was no clear difference in response speed among all CHP systems which was found to 324 
be between 0.11 %/s and 0.65 %/s. The German CHP systems showed high response 325 
characteristics with increasing output (B). The German systems achieved an average 326 
response speed of 0.50 %/s to 0.69 %/s, while the Japanese systems achieved 0.13 %/s to 327 
0.26 %/s. The Japanese systems showed a stable response speed regardless of output band. 328 
Of the German CHP systems, "G-BG-5" showed a particularly fast response characteristic 329 
when the output was changed from the 60 % (0.97 %/s) to 70 % (1.01 %/s) (C). “G-BG-1” 330 
and “G-BG-4” generally showed stable response characteristics regardless of the operating 331 
state at the time the command was issued (D). 332 
It can be seen from Fig. 8, that the Japanese systems took longer to respond than German 333 
systems when the output was decreased (E). The average response speed over all 10 % steps 334 
was found to be between -0.27 %/s and -0.14 % /s. The values for the German systems were 335 
between -1.05 %/s and -0.46 %/s. “G-BG-1”, “G-BG-4” and “G-BG-2”, which exhibited 336 
stable response characteristics when the output was increased, also exhibited a stable 337 
response characteristic when it was decreased. These CHP systems had a fast response 338 
characteristic (F). 339 
“J-BG-2”, “J-BG-3” and “J-BG-4” are German-manufactured CHP systems, but this test 340 
confirms that the systems do not show the same high response and flexibility as the German 341 
CHP systems. The average response speed of natural gas CHP systems of the same 342 
manufacturer (“J-BG-2” to “J-BG-4”) is low (0.17 %/s). “G-NG-1” was set at the minimal 343 
responsiveness setting to provide SCR on the power control market in Germany.  344 

We focused on biogas CHP systems of the same manufacturer with different models, 345 
“G-BG-2” and “G-BG-4,” and compared the response speed of output change (Table 2). 346 

 347 
Table2 compared the response speed of output change 348 
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 349 
* State during operation 350 
 351 

With increasing output, the speed of the response of "G-BG-2" was 0.65 %/s at its fastest 352 
point at a 90% output state. In contrast, the response was the slowest (0.23 %/s) at 50 % of 353 
rated output. "G-BG-2" showed a high flexibility for small output changes near the rated 354 
output but tended to have low flexibility near the minimum output regardless of the width of 355 
the output change. On the contrary, “G-BG-4” had the fastest response speed at the lowest 356 
output of 0.66 %/s, showing high flexibility; it also showed a response speed of 0.53 %/s 357 
from 90% output state to rated power, which is more than twice that of “G-BG-2” 358 
(0.23 %/s). When output decreased, “G-BG-4” was generally faster than “G-BG-2,” and the 359 
response speed was almost constant regardless of the operation state. Thus, "G-BG-4" was 360 
found to have improved flexibility during partial load operation compared to "G-BG-2." This 361 
is consistent with the fact that the concerned company has recently been aggressively 362 
pursuing development to improve the responsiveness and flexibility of power generation 363 
output. 364 
Our results correspond well with a previous study by Bär et.al. [36]. They investigated the 365 
potential of balancing intermitted power from PV with biogas CHP units. The study 366 
concluded that maximum ramp rates of 0.66 %/s and minimum ramp rates of 0.33 %/s 367 
should be considered to compensate fluctuations in PV power depending on the distribution 368 
grid [36]. 369 
The natural gas CHP system “G-NG-1” showed very consistent response times for all load 370 
increments with values ranging between 0.16 %/s and 0.20 %/s. The response times are 371 
similarly consistent with decreasing load. “G-NG-2” showed very high responsiveness for 372 
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both increasing and decreasing load (50% and 60%). The responsiveness of this CHP 373 
system decreased as it got closer to full load. 374 
 375 
3.2 Environmental Impact Assessment of load response 376 
Exhaust-gas composition is influenced by the catalytic method for exhaust-gas purification 377 
installed in each CHP system [19]. Only “G-BG-2” adopted a TPC system. “G-NG-2” is a 378 
stoichiometric operated engine and therefore uses a three-way catalyst. All other biogas 379 
CHP systems used oxidation catalyst systems. To evaluate the effect of the load response on 380 
the exhaust emissions, steps of 10% load were observed. The measurements represent value 381 
of the exhaust-gas components for each operating condition. CO emissions were very low 382 
when the oxidation catalyst was new, and the operational load of the CHP system did not 383 
affect the emissions (Fig. 9). 384 

 385 
Fig.9 The CO emissions during step responses 386 

*1 BG: Biogas CHP 387 
*2 NG: Natural gas CHP 388 
 389 
This result is supported by those of the CHP systems “G-BG-1,” “G-BG-3,” and “G-BG-4,” 390 
which were equipped with an oxidation catalyst (Fig. 4). However, “G-BG-5” had the 391 
highest CO emissions at the minimum output (50% load operation) because of the old 392 
oxidation catalyst. At partial load, the conditions in the engine (e.g., cylinder pressure and 393 
temperature) are not as high as at the rated output operation, resulting in an incomplete 394 
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combustion of engine-fuel and higher CO emissions in exhaust gas. When the oxidation 395 
catalyst was older its performance decreased, resulting in higher CO emissions, as seen with 396 
“G-BG-5.” At the rated load, CO emissions were the lowest due to complete combustion of 397 
the engine fuel. The thermal post combustion system (TPC) maintains low CO emissions 398 
regardless of the operating state of the CHP system. The CHP system operating a three-way 399 
catalyst (“G-NG-2”) showed consistently low CO emissions at the rated load and a small 400 
peak at partial load. The performance of this kind of catalyst is influenced by the air-to-fuel 401 
equivalence ratio of the engine, which can deviate slightly when adjusting the load. All 402 
examined CHP units were within the regulatory limit for CO emissions when operating at 403 
full load [35]. Only “G-BG-5” exceeded the limit at partial load due to the old oxidation 404 
catalyst. NOX emissions were highest during rated output operation regardless of the catalyst 405 
type when no NOX control system was installed (Fig. 10).  406 

 407 
Fig.10 The NOx emissions during step responses 408 

*1 BG: Biogas CHP 409 
*2 NG: Natural gas CHP 410 
This is due to the “thermal-NOX” mechanism, where NOX forms due to high combustion 411 
temperatures in the engine. Although the catalytic method of an oxidation catalyst does not 412 
affect NOX emissions, CHP systems “G-BG-1”, “G-BG-3” and “G-BG-5” have NOX control 413 
systems installed. The emissions were controlled at approximately 500 mg/m³ regardless of 414 
operating conditions. Here the excess air ratio of the engine is controlled based on the 415 
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measured NOX in the exhaust-gas. A study showed that the excess air ratio has a direct effect 416 
on the NOX emissions. However, while increasing the excess air ratio results in a decrease in 417 
NOX emissions, it comes with a loss of efficiency for the CHP system [30]. 418 
The TPC system (“G-BG-2”) showed almost constant NOX emissions regardless of the 419 
operating conditions due to the use of a NOX control system. “G-NG-2” exhibited the lowest 420 
NOX emissions since it used a three-way catalyst. All CHP units with NOX control systems 421 
(“G-BG-1”, “G-BG-3” and “G-BG-5”) were within the limit of the emissions standard of 422 
500 mg/m³ NOX [19] while those with none exceeded the limit.  423 
The CH4 emissions in the biogas CHP units employing oxidation catalyst systems were 424 
lowest during rated output operation and increased with reduced output due to incomplete 425 
combustion engine-fuel (Fig. 11).  426 

 427 
Fig.11 The CH4 emissions during step responses 428 

*1 BG: Biogas CHP 429 
*2 NG: Natural gas CHP 430 

 431 
The oxidation catalyst has no influence on CH4 emissions resulting in the high emissions at 432 
partial load. In TPC systems, extremely low CH4 emissions were observed regardless of the 433 
operating conditions. “G-NG-2” showed very low CH4 emissions due to a naturally aspirated 434 
engine with low power output efficiency resulting in high exhaust-gas temperatures, at 435 
which the three-way catalyst has optimal operational temperature to convert CH4 emissions 436 
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with a higher performance. There are currently no emissions standard for methane 437 
emissions in Germany. However, an emissions standard for total hydrocarbons will be 438 
introduced in 2025 for stationary combustion engines with an electric output of over 1 MW 439 
[32].  440 
In CHP systems with new oxidation catalysts, formaldehyde emissions were generally low 441 
regardless of the operational load (Fig. 12). All CHP systems were within in prescribed limit 442 
of 20 mg/m³ [32], apart from “G-BG-5” which exceeded the limit, especially at part load. 443 

 444 
Fig.12 The formaldehyde emissions during step responses 445 

*1 BG: Biogas CHP 446 
*2 NG: Natural gas CHP 447 
 448 
The old oxidation catalyst used by “G-BG-5” was not as effective at reducing these 449 
formaldehyde emissions. Here, higher formaldehyde emissions were observed, especially at 450 
partial load, due to the incomplete combustion of engine fuel. The TPC system showed 451 
extremely low formaldehyde emissions regardless of operating conditions. Formaldehyde 452 
emissions of “G-NG-2” were very low for all operational loads. No clear relationship was 453 
observed between SO2 emissions and power output. SO2 depends on the sulfur content in 454 
biogas, which is thought to have been affected by the desulfurization capacity before flowing 455 
into the engine of the CHP system. 456 
From these results, a TPC system is very effective for the exhaust-gas of biogas CHP units 457 
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regarding CO, CH4 and formaldehyde. Additionally, NOX can be controlled using a Lambda 458 
control system. However, such a TPC system has high investment and operating costs, and 459 
high demand for installation space. 460 
An oxidation catalyst is effective for CO and formaldehyde, because these catalysts have 461 
been optimized for operation due to existing German emissions standards. It affects NOX 462 
and CH4 emissions only slightly at higher temperatures, however the lower investment and 463 
operating costs of such a catalyst make it an attractive option if there is no emission standard 464 
for CH4. However, the results show that the performance of oxidation catalysts decreases 465 
over time resulting in higher CO and formaldehyde emissions at the end of its lifespan. 466 
Three-way catalysts have a high potential for converting CO, NOX, CH4 and formaldehyde. 467 
However, these types of catalysts can only be applied to stoichiometric operated engines and 468 
require exact control of the air-to-fuel equivalence ratio of the engine. 469 
 470 
3.3 Environmental Impact Assessment of startup and shutdown 471 
The startup and shutdown of the engine had an impact on the exhaust emissions of biogas 472 
CHP systems. Parameters were unchanged from the standard stationary operations. 473 
In terms of the CO emissions of the biogas CHP systems during startup, no peak was 474 
observed for the systems with new oxidation catalysts (“G-BG 1” and “G-BG-3”) (Fig. 13). 475 

 476 
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Fig.13 The CO emissions during startup and shut down 477 
*1 BG: Biogas CHP 478 
*2 NG: Natural gas CHP 479 

 480 
However, the system with the old oxidation catalyst (“G-BG-5”) had a distinctive maximum 481 
during the startup process. During shutdown of the engine peaks, CO emissions were 482 
observed for both the new (“G-BG-3” and “G-BG-4”) and the old (“G-BG-5”) oxidation 483 
catalyst systems. Only one CHP system with a new oxidation catalyst (“G-BG-1”) showed 484 
no maximum during shutdown. The natural gas CHP unit “G-NG-1” showed consistently 485 
low CO concentrations during startup and shutdown due to the installation of a brand-new 486 
oxidation catalyst. The other natural gas CHP system with a three-way catalyst, “G-NG-2,” 487 
showed a peak in CO at startup but none during shutdown. Similar behavior was observed 488 
for the biogas and natural gas CHP systems in terms of CH4 and formaldehyde emissions 489 
(Fig. 14 and 15). 490 

 491 
Fig.14 The CH4 emissions during startup and shut down 492 

*1 BG: Biogas CHP 493 
*2 NG: Natural gas CHP 494 
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 495 
Fig.15 The formaldehyde emissions during startup and shut down 496 

*1 BG: Biogas CHP 497 
*2 NG: Natural gas CHP 498 
During engine startup, all systems with oxidation catalysts showed a brief maximum of CH4 499 
and formaldehyde emissions before decreasing during normal operation. On shutdown, 500 
distinctive peaks in CH4 could be seen but formaldehyde emissions were not as high. 501 
The operation of the TPC system (“G-BG-2”) demonstrated differing behavior in terms of 502 
CO, CH4 and formaldehyde emissions. The TPC system was in standby operation on engine 503 
startup. Hence, high concentrations of CO, CH4 and formaldehyde could be measured. The 504 
TPC system began operation towards the end of the engine startup process resulting in 505 
decreasing concentrations of CO, CH4 and formaldehyde in the exhaust-gas. The natural gas 506 
system “G-NG-2” showed low CH4 emissions during startup and shutdown. 507 
The NOX emissions are not dependent on the oxidation catalyst system or fuel used 508 
(Fig. 16). 509 
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 510 
Fig.16 The NOx emissions during startup and shut down 511 

*1 BG: Biogas CHP 512 
*2 NG: Natural gas CHP 513 

 514 
The emissions can differ between biogas CHP systems with NOX control systems 515 
(“G-BG-2”, “G-BG-3” and “G-NG-1”) and those without (“G-BG-1” and “G-BG-5”). The 516 
NOX emissions of all engines rose steadily until rated operation was attained. The CHP 517 
systems without NOX control systems then stayed at this level during stationary operation. 518 
With installation of a NOX control system, the lambda of the engine increases after reaching 519 
rated operation until the NOX emissions reach 500 mg/m³. During shutdown, the NOX 520 
emissions reduce steadily regardless of a NOX control system being installed. The CHP 521 
system “G-NG-2” uses a three-way catalyst that can only be used for stoichiometric operated 522 
engines and can also reduce NOX emissions. Small peaks in NOX were seen during startup 523 
and shutdown of “G-NG-2” due to some residual oxygen in the exhaust-gas that reduces the 524 
performance of the three-way catalyst. 525 
SO2 emissions were observed during both, startup and shutdown of the engines but were 526 
observed to be independent of the startup or shutdown. Low concentrations of SO2 were 527 
measured regardless of the load when sulfur concentrations were observed in the biogas 528 
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while no SO2 concentrations were measured for either natural gas CHP system. 529 
The above results show that a TPC system can reduce CO, CH4 and formaldehyde emissions 530 
effectively. However, high concentrations of the exhaust components could be measured 531 
during the startup and shutdown process before the TPC system was in full operation. Cold 532 
startup processes of the TPC were not considered for this study. The TPC systems generally 533 
have startup processes that take several hours when initially starting operation after longer 534 
shutoff periods. In this study a “warm” startup was considered when the engine was shutoff 535 
for only some minutes with the TPS system in standby operation. 536 
Oxidation catalysts can help reduce CO and formaldehyde emissions during startup and shut 537 
down but have little influence on CH4 emissions. The older the oxidation catalyst, poorer is 538 
its performance. NOX emissions are generally high during startup. If a NOX control is 539 
installed, then its concentrations are decreased after startup. The shutdown process does not 540 
influence NOX emissions significantly. If a stoichiometric operated engine is considered, a 541 
three-way catalyst can not only reduce CO, CH4 or formaldehyde emissions during 542 
stationary operation, but also that of NOX. However, such a catalyst performs poorly when 543 
small amounts of residual oxygen are present in the exhaust-gas, e.g. during startup and 544 
shutdown due to the sensitive nature of the lambda control. The emissions were generally 545 
found to be lower or equal for a three-way catalyst in comparison to an oxidation catalyst. 546 
 547 
4. Conclusions 548 
Assuming that a biogas CHP system is used as a new supply-demand adjustment resource 549 
for mitigating output fluctuations in variable renewable energy, it can contribute to a 550 
long-term adjustment power equivalent, such as SCR or TCR in Germany. The current state 551 
of the art is suitable for SCR with start-up and shut-off times of under 5 minutes. In the 552 
current Japanese power market, responsiveness and flexibility of biogas CHP systems are not 553 
essential, but in the future, the requirements for adjustment capability will be categorized 554 
based on responsiveness [37]. However, to operate efficiently, it is necessary for the biogas 555 
CHP system to equip a biogas bag with the capacity to supply power to restore the control 556 
reserve. Many biogas plants in Japan do not have adequate gas-bag capacity due to the 557 
FIT-specification power production strategy, so an upgrade is essential to provide 558 
adjustment capacity. Since the emission of CH4, formaldehyde, and SO2 increases when a 559 
CHP system starts and stops, gas-bag capacity should be designed to reduce output 560 
fluctuations. Furthermore, as the use of RE power sources continues to expand in the future, 561 
there is a concern that the supply-demand adjustment capability of the entire power source 562 
system will be insufficient. To improve the operability of the biogas CHP system, other 563 
strategies must be developed, such as increasing the response speed of output changes and 564 
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lowering the minimum output to increase the range of output changes. 565 
It is important to clarify the effects of differences in operational methods (normal/flexible 566 
operation) through measurement and analysis of operational data of biogas CHP systems 567 
that are connected to the grid for commercial operation. The Global Warming Potential 568 
(GWP) of flexible operation should be investigated further due to an increase of CH4 and 569 
formaldehyde during startup and shutdown.  570 
In the case of the German energy system, where frequency control by biogas CHP systems is 571 
already common practice, the potential for providing further ancillary services need to be 572 
investigated. These services include voltage control, provision of reactive power, congestion 573 
management, and black start capabilities. The need for such services is expected to increase 574 
as the share of renewable energy in the grid rises. Biogas presents an ideal renewable energy 575 
resource in this regard as it can easily be stored in large quantities̶unlike other resources 576 
such as solar and wind energy.  577 
 578 
Acknowledgments 579 
This study was conducted in collaboration with Hokuo Consultant Co., Ltd. (Obihiro, 580 
Hokkaido). Work was partially carried out within the framework of the joint research project 581 
OPTIBIOSY funded by the German Federal Ministry of Food and Agriculture, grant 582 
numbers 22410417 and 22410517. In addition, biogas CGS companies have greatly 583 
cooperated in field tests in Germany and Japan. The authors are grateful to all parties and 584 
organizations involved. 585 
 586 
Footnotes 587 

1. Manufactured by Hioki Electric Co., Ltd. 588 
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