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a b s t r a c t

The accuracy of sensors used in Dutch greenhouses for climate control has been assessed and the influ-
ence of sensor errors on the energy consumption and crop production has been determined using model
simulations. It is shown that currently used sensors are prone to errors exceeding current standards set
for practice. The extra energy consumption, due to sensor inaccuracy, is mainly caused by the sensors for
global radiation and relative humidity. Sensor errors may result in a higher crop production but at the
expense of a higher energy consumption resulting in a loss in economic return of the crop production
process. Results indicate that sensor maintenance is economically feasible because the resulting energy
savings exceed the costs of the maintenance operation.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sensors for temperature, relative humidity, CO2-concentration
and global radiation play a crucial in the feedback and feedforward
based control schemes commonly implemented in current green-
house climate control computers (Bakker et al., 1995). In practice
not much attention is paid to accuracy of sensors. They are consid-
ered to be accurate and to stay accurate for a long period of time if
a yearly regular maintenance service is performed. The hypothesis
that sensors used in horticultural practice are prone to significant
errors and that this might induce an increase in energy consump-
tion, was the starting point for this research.

In this paper, the results of an experiment are described in
which the accuracy of the sensors used in current Dutch green-
house climate control was determined and the effects of sensor er-
rors on production, energy consumption and net economic return
were assessed.

2. Materials and methods

2.1. The measurement sites

The measurements were conducted at four growers, hereafter
referred to as Grower 1 to Grower 4. The greenhouses of these
growers were located at respectively De Lier, Nootdorp, Naaldwijk

and Monster, all in the western part of the Netherlands. Each of the
growers produced a different crop, respectively eggplant, cucum-
ber, tomato and radish. In this group all major brands of climate
control computers were represented. Two growers had a similar
brand of climate control computer, however with different types
of measuring boxes for temperature and relative humidity. All
growers used the same type of solarimeter, a CM11 (Kipp & Zonen,
Delft, The Netherlands). Siemens sensors were used for measuring
CO2 concentration.

2.2. The reference sensors

The following set of reference sensors was used:

1. Two psychrometers (ASFG, Wageningen, The Netherlands) for
indoor temperature and relative humidity. They were placed
inside the greenhouse as close as possible to the measuring
box of the grower. The average of the two sensors was used
as the reference signal for temperature and relative humidity.

2. One Siemens Ultramat 21P for indoor CO2 concentration. This
sensor was positioned as close as possible to the CO2 sample
point of the CO2 sensor system of the grower.

3. One CM22 (Kipp & Zonen) for the global radiation. The CM22
quality is one class higher than the CM11 commonly used by
growers. It was mounted outside near the meteo-station of
the grower in such a way that shading of the reference sensor
was prevented as much as possible.

4. One HL2010 (Hanwell Instruments Ltd) for outside tempera-
ture. It was mounted as close as possible near the sensors of
the meteo-station of the grower.

0168-1699/$ - see front matter � 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.compag.2011.08.008

q This work was presented during the 17th World Congress of the International
Federation of Automatic Control Seoul, Korea, July 6–11, 2008.
⇑ Corresponding author at: Wageningen University, Farm Technology Group, P.O.

Box 17, 6700 AA Wageningen, The Netherlands.
E-mail address: eldert.vanhenten@wur.nl (E.J. van Henten).

Computers and Electronics in Agriculture 79 (2011) 63–66

Contents lists available at SciVerse ScienceDirect

Computers and Electronics in Agriculture

journal homepage: www.elsevier .com/locate /compag

http://dx.doi.org/10.1016/j.compag.2011.08.008
mailto:eldert.vanhenten@wur.nl
http://dx.doi.org/10.1016/j.compag.2011.08.008
http://www.sciencedirect.com/science/journal/01681699
http://www.elsevier.com/locate/compag


Before the experiment, the psychrometers were calibrated by
AFSG, Wageningen, The Netherlands, an institute with a certified
calibration facility for temperature and humidity sensors. The Sie-
mens Ultramat 21P CO2 sensor was calibrated by the technical
staff of PPO Naaldwijk, The Netherlands. The solarimeter (CM22)
was calibrated by its supplier, Kipp & Zn., Delft, The Netherlands.

2.3. Measurement procedure

Measurements were done from October 1st until November 1st,
2004. The experiment consisted of two series. First, to obtain an
assessment of the current state of the available sensors, at the facil-
ity of each of the growers, reference sensors and associated data
logging hardware were installed. During two or three days, data
of the sensors of the grower and the reference sensors was simul-
taneously collected and stored for later analysis, after which the set
of reference sensors was moved to the next grower. After this first
series of measurements, the growers asked their supplier or dealer
to carry out a standard maintenance service of their sensors, both
inside and outside the greenhouse. Maintenance consisted of cali-
bration of the sensors for inside and outside temperature, replace-
ment of the wet bulb wick of the relative humidity sensor and refill
of the storage distilled water, calibration of the CO2 sensor and
cleaning of the global radiation sensor. After this maintenance, a
second series of measurements was executed at each of the four
growers for another period of 2 to 3 days, to assess the quality of
the sensors shortly after maintenance.

2.4. Data analysis

Once all data had been collected, the two series of data were pro-
cessed using Matlab�. The difference between the sensors of the
growers and the reference sensors was determined and from this sig-
nal the mean error, emeas, and its standard deviation, rmeas, were cal-
culated. From the error signal, corrected for the average, also the
distribution was determined. The mean errors and/or standard devi-
ations were compared with standards commonly accepted in Dutch
horticultural practice (Van den Berg and de Ruiter, 1998).

2.5. Assessment of the impact of sensor errors through simulation

Based on the error data obtained, using the KASPRO model (De
Zwart, 1996), simulations were done to assess the impact of sensor
errors on energy consumption and crop production. These simula-
tions focussed on a standard tomato crop. The greenhouse produc-
tion system was simulated from December 11th to November 20th
the next year, the standard tomato production season in Dutch
horticultural practice. Simulations considered a 2 ha greenhouse
facility, with a hot water heating system, a heat storage of
120 m3/ha and an LS10 UltraPlus thermal screen. It was assumed
that the error distribution of each sensor was a normal distribu-
tion. Simulations were performed for 100 realizations of sensor
errors, including both single sensor errors and multi sensor errors.
In the simulations, for the temperature error it was assumed that
the mean error was zero, since it is expected that the grower will
adjust a non-zero mean error by observing his crop. For the speed
of change of the errors a period of 15 min was chosen.

3. Results

In Fig. 1 and Fig. 2 two representative results are shown of the
measurement errors. In Fig. 1 the absolute error of the relative
humidity (RH) measured at grower 3 before maintenance is shown.
In Fig. 2 the absolute error of the RH measured at grower 3 after
maintenance is presented.

Since for the simulation a normal distribution is assumed for
the sensor errors also the error distribution has been examined.
The error distribution of the inside temperature before and after
the maintenance service showed a normal distribution. A normal
distribution was also found in the error in the CO2-measurements.
The distribution of the relative humidity was not an exact normal
distribution; the distribution was a little askew. Before mainte-
nance, the global radiation also showed a little askew distribution.
But overall the assumption of a normal distribution of the sensor
errors seemed to be reasonable.

The results of both series of measurements, before and after
maintenance are listed in Tables 1–5, for indoor air temperature,
indoor relative humidity, indoor CO2 concentration, outdoor tem-
perature and outdoor global radiation, respectively.

These results clearly indicate the following. First of all, in almost
all cases sensors did not achieve the desired accuracy as listed by
Van den Berg and de Ruiter (1998). Secondly, maintenance im-
proved the performance, but still sensor accuracy did not reach
the required levels. In case of the CO2 measurements, data could
be obtained only in a limited number of cases because in three
cases the reference equipment failed.
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Fig. 1. The absolute error of the sensor for relative humidity at grower 3, before
maintenance.
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Fig. 2. The absolute error of the sensor for relative humidity at grower 3, after
maintenance.
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